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Geomorphic evidence of Quaternary normal faulting is 
present in the Muddy Creek Lineament 25 miles southeast of 
Evanston, Wyoming. Normal fault separation of Eocene 
stratigraphy along Muddy Creek and its tributaries on the 
west side of Bigelow Bench is interpreted from the evidence. 
Previous structural models, reflection seismic lines, and a 
lineament analysis indicate that down-to-the-west normal 
faulting may be related to the reactivation of the leading 
edge of the Hogsback thrust whose multiple splays subcrop 
beneath younger Tertiary sediments.
Drainage lineaments, tilted and warped gravel-covered 
surfaces, asymmetric valley profiles, and stream channel 
anomalies indicate surface deformation can be explained by 
down-to-the-west normal faulting. Fault scarps are modified 
by erosion and actual fault planes were not recognized in 
the field. Lineaments indicate a north-northeast trending 
zone of parallel faults.
The interpreted faults are analogous to a fault 
described by West (1989) at the normally reactivated leading 
edge of the Absaroka thrust. Reactivation of the Hogsback 
thrust is supported by the existence of normal faults (Bear 
River Fault Zone) with Holocene displacement listric to a 
ramp in the Hogsback thrust.
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Regional structural style and observed roll-over 
deformation may indicate that the inferred faults are of 
listric geometry. The seismotectonics of listric faults are 
uncertain, but such faults are not known to produce large 
earthquakes (>5.5). Seismicity and earthquake focal 
mechanisms in the Intermountain Seismic Belt have not been 
associated with listric faults.
Earthquake hazard estimates by traditional techniques 
indicate that the faults may be capable of producing large 
earthquakes. However, the faults may be too shallow and too 
low angle to generate significant earthquake energy, and 
thus may be responsible for low to moderate seismicity only. 
Fault activity is estimated to be potentially active to 
inactive (by definition of Cluff and others (1972)).
Paleo-magnitude estimates for a normally reactivated 
Hogsback thrust range from M = 6.6 to 7.2. Related 
earthquake hazards include: ground shaking, subsidence, and
liquefaction that could threaten dams, structures, and 
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This study will describe in detail evidence of normal 
faulting and its relationship to the normal reactivation of 
the Hogsback thrust. Reconnaissance work by West (1989) 
first suggested faulting east of Muddy Creek in the area 
along the leading edge of the Hogsback thrust near Fort 
Bridger, Wyoming, analogous to a fault at the normally 
reactivated leading edge of the Absaroka thrust.
Objectives
The objectives of this study are:
1)to collect and evaluate detailed geologic and 
geomorphic data and observations related to normal 
faulting and structural control from the normally 
reactivated Hogsback thrust;
2)interpret the evidence of normal faulting in terms of 
existing structural/seismotectonic models for the 
region;
3)interpret the landfcrms of the study area in terms of 
neotectonic influences ; and
4)estimate paleo-earthquake magnitudes related to 
interpreted structures, and discuss related 
earthquake hazards.
Scope of Study
Field work was completed during the fall of 1989 and 
the spring of 1990. Areas outside of the study area 
boundaries are discussed in the report but detailed mapping 
and reconnaissance are limited to the study area. Efforts
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were concentrated on bedrock geology, lineament analysis, 
seismic data, and evidence such as tilted geomorphic 
surfaces, drainage and slope anomalies, and topographic 
development. Seismotectonics are discussed to aid in the 
interpretation of faulting and the characterization of 
earthquake hazards in the study area.
Location and Study Area
The study area covers a portion of the drainage 
lineaments that will be collectively referred to as the 
Muddy Creek Lineament in Uinta county, southwestern Wyoming. 
The area is located approximately 20 miles southeast of 
Evanston, Wyoming, and lies just west of Fort Bridger, 
Wyoming (Figure 1). The study area for this report lies 
within an area of reconnaissance study by West (1989).
Physiography and Climate
The study area is near the north flank of the Uinta 
Mountains on the boundary between the thrust belt to the 
west and the Green River Basin to the east. To the south, in 
Utah, the High Uintas rise to over 13,000 feet. Mountainous 
and thickly forested slopes descend into Wyoming. Plateau­
like remnants of the Gilbert Peak erosion surface are 
present on the north flank of the Uintas high above the 
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MUDDY CREEK LINEAMENT
FIGURE 1. Location of study area 20 miles southeast of 
Evanston, Wyoming. The study area is shown in relation to 
the Blacks Fork River, Hogsback thrust. North Flank fault, 
Uinta Mountains, and the Muddy Creek Lineament (modified 
from Blackstone and Debruin, 1987).
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and glaciers have not destroyed them. A series of ridges, 
including Mumford Ridge, coalesce to form high, flat Bigelow 
Bench which extends northward into the basin (Figure 2). 
Chapman Butte at the south end of Bigelow Bench is a 
conspicuous local feature jutting out from its west edge.
Although flanked by the Blacks Fork River on the east, 
and the Bear River on the west, the important streams in the 
study area are Muddy Creek and its tributaries. The major 
upper tributaries of Muddy Creek are Fish Creek, East Fork 
of Muddy Creek, West Fork of Muddy Creek, and Van Tassel 
Creek (Figure 2). Muddy Creek flows into the Blacks Fork of 
the Green River 20 miles northeast of the study area. The 
drainage basin is small and much of its drainage area is low 
in elevation by comparison to the Bear and Blacks Fork 
Rivers. Minor tributaries of Muddy Creek such as Moss, 
Little, and Musselman Creeks join Muddy Creek in the study 
area.
The study area topography is dominated by the gently 
northeasterly sloping Bigelow Bench which stands 600 to 1000 
feet above the floodplain of Muddy Creek. Ridges, rolling 
hills, and cuesta-like topographic blocks flank Muddy Creek 
and its tributaries. Actively eroding mudstones produce a 
badland landscape.
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FIGURE 2. Physiographic features in the study area 
including the outline of Bigelow Bench (dashed), Meyers 
Ridge, Chapman Butte, and Mumford Ridge.
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Vegetation in the area reflects the orographic effect 
of the Uinta Mountains. In general, the higher the 
elevation, the greater the average annual precipitation. A 
large proportion of the annual precipitation falls as snow, 
although thunderstorms during summer contribute some local 
rainfall. Subalpine fir and spruce dominate the higher 
slopes with aspen colonizing any openings in the coniferous 
forest. At about 9000 feet in elevation continuous forest 
cover gives way to patches of Ponderosa Pine and Aspen 
groves on northern slopes. Sagebrush is ubiquitous at all 
elevations in the dryer unforested areas. Grasses and 
shrubs fill in between the sagebrush, but overgrazing has 
eliminated much of the vegetative diversity. Grasses thrive 
in wet areas along streams, springs, and irrigated pastures.
Previous Work
The southwestern edge of the Green River basin has been 
studied relatively little in detail. Bradley (1964) 
synthesized the available data and his map included the 
study area. Sullivan (1980) included structural contours of 
the various Wasatch and Green River tongues but had no well 
log control in the study area. Gibbons (1986) published a 
map of the surficial materials of the Evanston quadrangle. 
Roehler (1989) correlated surface sections in the study 
area, detailing the intertongued relationship of the Eocene
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rocks. M'Gonigle and Dover (in press) are producing a 
bedrock geology map of the Evanston 30 X 60 minute 
quadrangle that includes the study area and shows 
stratigraphie (not structural) complexity. Of previous 
mapping, only West (1989) has shown normal faulting on the 
east side of Muddy Creek.
Unconsolidated deposits in the study area have not been 
extensively studied. Bradley (1936) mapped Browns Park 
formation and glacial till on Bigelow Bench and terraces in 
the Blacks Fork drainage. Schlenker (1988) interpreted the 
glacial chronology in the Blacks Fork drainage on the north 
flank of the Uinta Mountains.
General geomorphology of the north flank has been 
studied by Bradley (1936) and Hansen (1986). Lines and 
Glass (1975) characterized the water resources of the thrust 
belt of western Wyoming including the study area.
Thrust belt structural geology has been studied 
extensively and must be integrated into any neotectonic 
model for the area. Location, geometry, and timing for the 
Hogsback thrust are included in papers by Royse and others 
(1975), Blackstone (1977), and Dixon (1982). A discussion of 
the theories on the character of the intersection between 
the Hogsback and the North Flank thrust fault is included in 
Bradley (1988).
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The normal reactivation of thrust faults and the 
development of extensional features in thrust faulted 
terrain are discussed by Armstrong and Oriel (1965), 
Dahlstrom (1970), Sprinkel (1979), Smith and Bruhn (1984) 
and West (1989).
Recent research by Gibbons and Dickey (1983) and West 
(1989) revealed the existence of late Quaternary normal 
faulting in southwestern Wyoming. Fault scarps were located 
15 miles southeast of Evanston, Wyoming. The faulting is 
located along the leading edge of the Absaroka thrust and 
over a ramp of the Hogsback thrust (Figure 3).
Subsequent field studies by West confirmed recurrent 
Holocene normal faulting in what became known as the Bear 
River fault zone (Figure 3). The tectonic model proposed by 
West (1989), describes the normal reactivation of older 
thrust faults as the initial stage of development in 
reaction to an extensional tectonic regime. West asserts 
that normal faulting has developed along the Hogsback 
thrust, and the Bear River fault zone is the response to 
normal reactivation of the Hogsback thrust. West has mapped 
normal faults along the Hogsback thrust outlined by large, 






FIGURE 3. Fault features in the region of the study area. 
Major north-south thrust faults include: Tunp, Absaroka,
and Hogsback thrusts. The Round Mountain thrust is a minor 
structure. The Bear River Fault Zone was studied by West 
(1989). Uplift of the Uinta Mountains occurred along the 
North Flank fault (from West, 1989; and Love and 
Christiansen, 1985).
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Normal faults just west of Muddy Creek were first 
recognized by Cochran (1950), a Union Pacific geologist. 
Subsequently faults were mapped in that area by Love and 
Weitz (1950), Bradley (1964), and M ’Gonigle and Dover (in 
press).
An earthquake hazard assessment for the leading edge of 
the Darby-Hogsback was made by West (1989) based primarily 
on reconnaissance of the Muddy Creek area and extrapolation 
of information from the Bear River fault zone and the 
Intermountain Seismic Belt. A seismicity map for Wyoming 
was prepared by Reagor and others (1985) and Intermountain 
Region earthquake source parameters were compiled by Doser 
(1989). West (1989) prepared an earthquake hazards map of 
the Bear River Fault Zone and the leading edge of the 
Hogsback thrust.
Methodology
From the study by West (1989) and the author's own 
field work, it became apparent that some escarpments in the 
study area may be fault scarps modified by erosion.
However, the actual faults could not be observed on the 
surface, so more indirect lines of evidence were collected.
The bedrock geology of the study area was mapped in the 
field at 1:60,000 scale with color infra-red photos (with 
color photos for reference). The map information was later
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transferred to U. S. Geological Survey 1:24,000 topographic 
sheets to create Plates I and II. Some of the study area 
was mapped in reconnaissance with the air photographs.
Areas of reconnaissance mapping are south of Chapman Butte 
and west of Muddy Creek. These areas posed special problems 
for access, and in general the geology was poorly exposed 
and mapping could be obtained more easily from the air 
photos. In addition, the preliminary and field maps of 
M'Gonigle and Dover (in press) were available for 
consultation. The faults to the west of Muddy Creek are 
shown as mapped by M'Gonigle and Dover (in press).
Geologic cross-sections (Plate II) (2:1 vertical 
exaggeration) were produced from the geologic map. The 
cross-sections interpret only the shallow Tertiary geology 
because interpretations of the entire regional section would 
require extensive seismic and well log correlation that is 
outside the scope of this study. The reactivated structures 
deeper than the Tertiary might be indistinguishable from the 
original thrust structures because of the reuse of original 
thrust fault planes. Also, the small amount of normal 
movement relative to the pre-existing reverse separation 
would leave a net reverse separation, disguising the normal 
movement.
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A lineament analysis was performed to characterize the 
obvious trends visible in the area. Positions of the 
lineaments were first traced from 1:60,000 color infra-red 
photographs. Lineaments are defined for this report as any 
quasi-linear portion of a drainage. The orientations of the 
lineaments were measured and then weighted by length. The 
resulting orientations were plotted on Rose diagrams. 
Lineaments which are vegetative, topographic or due to color 
differences, were minimal and have little influence on the 
results.
Gravel covered surfaces were mapped in the study area 
because they are sometimes correlative over distances and 
often represent time datums. In order to objectively 
characterize these gravel covered surfaces, a list of 
descriptions was created for a limited number of individual 
surfaces (Appendix). The listing does not include every 
surface because many of the individual dissected surfaces 
were obviously a part of the same original deposit or a 
similar deposit. The characteristics in the Appendix were 
described from U. S. Geological Survey 1:24,000 scale 
quadrangles. Most of the gravel covered surfaces observed 
in the study area are shown on Plate III. Those described 
in the Appendix are identified by number on the map and in 
the listing. The surfaces in Table A (Appendix) are in no
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the listing. The surfaces in Table A (Appendix) are in no 
particular order.
Stream channel profile data was taken from U. S. 
Geological Survey 1:24,000 scale maps with a pair of 
dividers set to scale. The longitudinal profiles were 
generated for four different streams in the area. A profile 
plotting the elevation versus the distance along the channel 
provides a realistic view of the longitudinal profile of the 
stream. Perturbances and anomalies which deviate from the 
expected negative exponential shape should be visible on 
this section (Schumm, 1986).
Seismic lines and geophysical well logs have been 
commonly produced for oil exploration along the Hogsback 
thrust in the study area. Problems include a lack of 
correlatable interpretive data in the Tertiary section, 
missing shallow data, and a Paleocene unconformity in the 
section. Logs for 4 drill holes were obtained for potential 
interpretation: Texaco Gov't. Patterson #1 (34-15N-117W),
Champlin-Amoco 426 (7-14N-117W), Relis East Piedmont #19-1 
(19-13N-117W), and Exxon Mumford Ridge (21-13N-117W). The 
author believes that any interpretation of separation by 
faulting from the log data available to the author would 
contain an unacceptable amount of speculation. Therefore,
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interpretation of geophysical logs was not attempted for 
this study.
Seismic reflection profiles were obtained from Exxon 
and Amoco. Shallow data was poor but some general 
information was obtained. Original surveys were designed to 
study structures deeper than the Tertiary.
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GEOLOGIC SETTING
The geology of the thrust belt and the Green River 
Basin has been studied by Royse and others (1975), Dixon 
(1982), Armstrong and Oriel (1965), and Bradley (1964), and 
will be selectively summarized in this section. General 
regional geology is shown on Figure 4.
Regional Structure and Style
Structural style of the thrust belt has an important 
effect on the interpretation of normal faults along the 
Muddy Creek Lineament because the evidence at the surface 
has not adequately described subsurface structures. 
Consequently, some of the interpretation will be inferred 
from structural styles in similar areas.
Uinta Mountains. The Uinta Mountains are an east-west 
trending anticline located just south of the Utah- 
Wyoming/Wyoming-Colorado borders. It is a mountain range of 
substantial relief (over 4000 ft.) and elevation (over 
13,000 feet).
The range is a doubly plunging anticline whose eastern 
end plunges into the Axial Basin of Colorado. The western 
nose of the anticline plunges beneath the Wasatch Mountains 
at the Rhodes Valley in Utah. Erosion has exposed 
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FIGURE 4. Generalized geologic map of the Wyoming-Idaho- 
Utah thrust belt showing general ages of outcropping rocks 
and major thrust and normal faults (Webel, 1987).
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the range. The sediments of these formations were deposited 
in a subsiding aulacogen during Precambrian time (Hansen, 
1969).
Uplift of the Uinta Mountains occurred along a series 
of en echelon thrusts bounding the north and south flanks of 
the range. The uplift began in Late Cretaceous to Paleocene 
time. Another important period of uplift has been dated 
from interpretations of synorogenic sediments in the Wasatch 
and Green River Formations and is estimated to be early to 
middle Eocene in age (Bradley, 1988).
Sevier Orogenic Belt. The Sevier Orogenic Belt is a 
segment of the Cordilleran Fold and Thrust Belt and extends 
from Montana to Nevada. The Wyoming Salient consists of 
several major thrust sheets (from west to east and oldest to 
youngest): Crawford, Tunp, Absaroka, Hogsback (Darby), and
Prospect (Blackstone and DeBruin, 1987) (Figure 4).
The thrusting began in late Cretaceous time and 
continued until late Paleocene. Thrust faults tended to 
form parallel to bedding in incompetent rocks such as 
shales, and propagated at high angles to bedding in 
competent sandstones, limestones and dolomites. This 
produced a ramp and flat geometry as faulting progressed up 
the section. Successive thrusts formed beneath and eastward 
of the preceding thrust and cut up section in the direction
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of transport. Splaying of the faults and deformation of the 
hanging wall by folding was common (Royse and others, 1975).
Hogsback Thrust. The nomenclature of the Hogsback 
thrust is confusing. The movement on the Darby and Prospect 
thrusts located to the north of La Barge, Wyoming is 
accommodated by a single thrust south of a lateral ramp at 
La Barge. The confusion arises over the name of the thrust 
to the south. The use of Darby near the north flank of the 
Uintas may not be proper because the movement in this area 
includes the combined movements on the Darby and Prospect 
thrusts to the north. West (1989) made a compromise by 
using the term Darby-Hogsback. However, Armstrong and Oriel 
(1965) suggested that the term Hogsback thrust be used south
of the intersection at La Barge, and Royse (1985) and
Bradley (1988) prefer the term Hogsback for the southern 
portion in order to ensure the distinction between the Darby
thrust of the north and the portion of the thrust with
greater displacement to the south. The term Hogsback thrust 
is used in this report.
Displacement on the Hogsback thrust is approximately 29 
kilometers and the fault dips approximately 20 to 30 degrees 
to the west. The Hogsback thrust soles into a basal 
detachment at approximately 6 km depth and has multiple 
splays as it approaches the surface. The exact nature of
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the southern termination of the thrust has not been fully 
explained in the literature.
Post-Eocene Normal Faulting. The Green River Basin was 
filled with sediment and an extensional period began in the 
Sevier Orogenic Belt sometime after the end of the Eocene. 
The extension was perhaps related to the Miocene regional 
extension taking place throughout the Basin and Range 
Province. Although the eastern part of the thrust belt is 
not usually considered a part of the Basin and Range, the 
traditional eastern boundary of the Basin and Range Province 
may not reflect the boundary of geologic influences 
(Sprinkel, 1979; West, 1989). Normal faulting may have also 
been produced by relaxation of former thrust faults (Oriel, 
1969; Dixon, 1982), gravity backsliding (Beutner, 1972), or 
draping of Tertiary sediments over topographic surfaces of 
unconformities (Oriel,1969). Basement control of normal 
faulting has not been proven, although it remains a 
possibility.
Examples of normal faults in the thrust belt include: 
Grand Valley, Star Valley, Hoback (Royse and others, 1975), 
Fort Hill (Oriel, 1969), Bear River Fault Zone (West, 1989), 
and systems of normal faults associated with ramp structures 
along the entire length of the Tunp and Darby-Hogsback 
thrusts (Figure 5) in southwestern Wyoming (Love and
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thrusts (Figure 5) in southwestern Wyoming (Love and 
Christiansen, 1985).
Structural style of normal faults in the region of the 
study area consists of the reactivation of previously 
existing thrust faults with the subsequent development of 
listric faults at stress points over thrust ramps (Royse and 
others, 1975; Sprinkel, 1979; West, 1989). Normal fault 
geometry is probably listric in many cases, and some faults 
assumed to be high angle from surface mapping have been re­
interpreted as decreasing in dip with depth (Smith and 
Bruhn, 1984). Regional seismic studies have shown hanging 
wall deformation consisting of sediment-filled half-grabens 
produced by roll-over anticlines along listric fault planes.
Analytical and physical models show similarities to 
fault geometries on reactivated thrusts. Sand box models of 
a ramp in a normal fault are similar in concept to 
reactivated thrusts in the Wyoming overthrust. McClay 
(1989) produced roll over structures, normal faults, and 
reverse faults in sand box models of normal ramps (Figures 6 
and 7). The models confirm that roll-over structures do 
form and that ramps are points of stress concentration yet 
the patterns formed are much more complex than geometries 











FIGURE 5. Normal faults and major thrust faults mapped on 
USGS 1:500,000 geologic map of Wyoming (from Love and 
Christiansen, 1985). Networks of normal faults are 




FIGURE 6. Faults developed in sand model of a normal ramp. A 
roll-over anticline develops at the leading edge of the ramp 




FIGURE 7. Faults developed in sand model of listric 
geometry. Faults numbered in the order of their development 
(50% extension) (from McClay, 1989).
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association between field observations and physical models 
may be a matter of scale, materials with unrealistic 
properties, or a lack of detailed subsurface information.
An analytical model of hanging wall deformation at 
ramps on normal faults by Kilsdonk and Fletcher (1989) 
predicts stress concentrations at ramp areas that result in 
the creation of thrust faults and some reverse separation 
initially. But as extension continues, their sense of 
movement reverses and becomes normal. Normal faults 
propagate on both sides of the ramps producing more grabens, 
while roll-over structures form along the leading edge of 
the detachment and in front of the ramp. The model assumes 
a frictionless fault plane that is probably unrealistic. 
Locking of the sliding hanging wall at points of resistance 
adds considerable uncertainty as they would be likely to 
localize the developing hanging wall deformation.
Seismotectonics
The seismotectonic character of southwestern Wyoming is 
uncertain. Seismicity data does not yield much information 
on source parameters. Current models rely heavily on 
extrapolation from the Eastern Basin and Range and areas of 
more frequent activity in the Intermountain Seismic Belt.
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Intermountain Seismic Belt. The Intermountain Seismic 
Belt (ISB) includes the study area and is located on the 
eastern edge of the Basin and Range Province. It extends 
from Arizona to Montana and covers parts of the Colorado 
Plateau, the Middle Rocky Mountains, the Wyoming thrust 
belt, the Yellowstone hot spot, and the Northern Rocky 
Mountains (Figure 8). The ISB is a concentration of 
seismicity in an intraplate, continental environment, 
approximately 1300 km long and 100 to 200 km wide. It is a 
zone of diffuse, shallow seismicity, poorly constrained to 
known active faulting (Arabasz and Smith, 1981).
Estimates of recurrences of surface faulting in the ISB 
are long (>1000 yr.) and at irregular intervals. Historical 
records are too short to ascertain the character of cycles. 
With the low number of events and the lack of understanding 
of the mechanisms of earthquake generation in the ISB, the 
prediction of earthquake frequency and magnitude is 
difficult.
Problems for earthquake prediction in the Intermountain 
Seismic Belt include : (1) a lack of understanding of
the seismic cycle on major normal faults ; (2) 
relatively low seismic flux, which makes the detection 
of precursory seismicity changes difficult; and (3) 
uncertainty in the mechanism of normal faulting, which 
may be listric (ie., flattening with depth) -- causing 
variations in dynamic source parameters not now 







FIGURE 8. General seismicity map and location of 
Intermountain Seismic Belt and Intermountain Region. These 
areas are concentrations of non-plate boundary seismicity 
(Smith and Sbar, 1974); (Doser, 1989).
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Intermountain Region Source Parameters. A study of 
earthquake source parameters for large earthquakes (M > 5.5) 
was completed for the Intermountain Region (Doser, 1989).
The Intermountain Region is bordered by the Sierra Nevada on 
the west, the Rocky Mountains on the east, northwestern 
Montana to the north and Trans-Pecos Texas on the south 
(Figure 8). Forty-seven earthquakes were studied in the 
time period of 1915 to 1987. Magnitude 5.5 was chosen as 
the lower limit because the threshold magnitude for surface 
faulting is about M = 6.0. The earthquakes were not 
separated by focal mechanism for study (Doser, 1989).
Statistics of the source characteristics were compiled 
from body and surface wave form modeling, geodetic analysis, 
first motion studies, and observed surface faulting. Dip 
angles of the faults were found to be generally steeper at 
the surface, flattening with depth. However, no earthquakes 
were found to occur on faults at dip angles lower than 30 
degrees (Doser, 1989).
Most of the earthquakes occurred at depths of 6 to 12 
kilometers. The magnitude was found to be directly 
proportional to the focal depth. A correlation between the 
deepest background seismicity and the largest magnitude 
events indicates that rupture may occur near the transition 
between brittle and ductile behavior. The type of focal
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mechanism did not correlate with any particular depth. 
Earthquakes with magnitudes <6.5 had rupture lengths of <16 
km. Earthquakes with magnitudes >7.0 had rupture lengths 
>20 km (Doser, 1989).
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LOCAL SETTING
A discussion of stratigraphy, geomorphology, structural 
geology, and seismotectonics is presented as an orientation 
to the study area. The work in this section is from the 
literature, supplemented by the author's field work in the 
stratigraphy section.
Stratigraphy
Tertiary or younger rocks are the only formations 
exposed in the study area, although a thick section of 
Paleozoic and Mesozoic rocks exist beneath the Tertiary 
cover (Figure 9). The Eocene Formations are undisturbed by 
earlier thrust faulting and are deposited on a Paleocene 
unconformity. Only formations exposed in the study area 
will be described in detail in this report.
Consolidated Deposits. The stratigraphy of 
consolidated deposits in the study area consists of three 
intertongued formations of the Green River Basin. Together 
they compose several thousand feet of Tertiary sediments in 
the region (Figure 10).
The Wasatch Formation in the study area lies 
unconformably over the paleotopography cut on the older 
Paleocene Fort Union Formation. The thickness varies from 
essentially zero near the top of the thrust belt ranges, to
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FIGURE 9. Regional stratigraphy of southwestern Wyoming 
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FIGURE 10. Schematic diagram of stratigraphie relationships 
between Eocene formations in the study area and the 
southwestern Green River Basin. The Wasatch Formation 
consists of reddish floodplain and deltaic deposits. 
Overlying the Wasatch, the Laney Member of the Green River 
Formation consists of gray lacustrine shales and limestones. 
The Wilkins Peak Member of the Green River Formation does 
not extend into the study area. The Bridger Formation is 
composed of mudstones, sandstones, and marlstones and forms 
the uppermost strata in the area (modified from Roehler, 
1990) .
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several thousand feet farther east. The strata are 
primarily mudstones alternating with thick, lenticular beds 
of coarse sandstone, the whole section having a 
characteristic reddish color (Figure 11).
The depositional environment is thought to be 
coalescing alluvial fans spreading out along the flanks of 
eroding thrust belt ranges and the Uinta Mountains (Bradley, 
1964). The deposits have few reliable and continuous 
markers due to this environment of deposition. The 
sandstone lenses are crudely trough cross-bedded and vary 
greatly in thickness over short distances. The lack of 
bedding surfaces and the prominence of cross-bedding made 
field determinations of bedding orientations problematical. 
In general, the Wasatch strikes north and dips at less than 
5 degrees to the east.
Regionally, tva Wasatch ;ntertongues with members of 
the Green River Formation (Figure 10). Only the upper 
tongue of the Wasatch appears to be present in the study 
area (M'Gonigle and Dover, in press).
The Green River Formation is typically a thick sequence 
of lacustrine sediments of Eocene age. The sediments were 
deposited in several lakes occupying large areas of 
southwestern Wyoming, northwestern Colorado and northeastern 
Utah. As the Green River Basin subsided and lake levels
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FIGURE 11. View northeast at the Wasatch-Green River 
Formation contact on Meyers Ridge (SW1/4-34-T15N-R117W) in 
the study area. The contact is gradational and conformable, 
and separates reddish floodplain deposits of the Wasatch 
Formation from the overlying gray, lacustrine shales of the 
Laney Member of the Green River Formation.
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fluctuated, distinct members of the sequence were deposited 
(Bradley, 1964).
The Green River formation in the study area is 250 to 
300 feet thick and consists of green mudstones with 
occasional beds of coarse sandstones and thin white 
limestone layers (Figure 11). Of the three generally 
recognized members in the center of the Green River Basin, 
the Fontenelle, Wilkins Peak and Laney, only the Laney 
Member is present in the study area. A map correlating 
surface sections (Roehler, 1989) and oil company 
interpretation (Texaco, personal comm. 1990) supports the 
conclusion that neither Fontenelle or Wilkins Peak Members 
are present along the study area portion of the western 
basin margin. Some doubt was raised early in this study by a 
preliminary geologic map by M'Gonigle and Dover (in press), 
which showed Wilkins Peak and Fontenelle strata west of 
Muddy Creek. Subsequent examination of the rocks by this 
author has found no difference between the Laney Member 
lithologies and the lacustrine layers on the west side of 
Muddy Creek. The evaporites, oil shale, and coal typically 
present in the Wilkins Peak Member are conspicuously absent. 
The disputed strata on the west side of Muddy Creek are 
located near (29-T15N-R117W) and (5,7,18-T14N-R117W). As 
for the reported Fontenelle to the west of the study area.
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Roehler (personal comm. 1990) believes these layers to be 
thin, pond facies deposits unrelated to the Fontenelle of 
the central Green River Basin.
The contact between the upper Wasatch and the Green 
River Formation is intertongued over 20 to 40 feet of 
section. The contact is conformable and conspicuously 
marked by change from red mudstones and coarse gray 
sandstones of the Wasatch, to white-gray to greenish 
mudstones and thin white limestones of the Green River 
Formation. The strata strike approximately north-northeast, 
dipping east-southeast at less than 3 degrees. Orientations 
were difficult to measure in the field because of poor 
exposures and measuring surfaces.
The upper contact of the Laney Member was difficult to 
identify since the color and lithologie change to the lower 
Bridger is subtle. A yellow-brown layer of shale overlain 
by a bedded, yellowish limestcne-marlstone is fairly 
continuous and identifiable in exposures of the area. It 
was chosen as the boundary between the two formations, and 
corresponds to the marker boundary described by Koenig 
(1960).
The study area also lies on the west edge of the 
Bridger Basin, which is enclosed within a southwestern 
portion of the greater Green River Basin. Only the lower
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portion of the Bridger Formation is present in the study 
area, the upper portion having been removed by erosion.
The lower 200 to 300 feet of Bridger is green shales 
and siltstones separated by thin beds of buff-white 
limestone and marlstone (called "white layers" out in the 
basin). Above that section red and green mudstones, coarse 
gray sandstones, and buff marlstones dominate the sequence. 
Bridger Formation can be found along the west escarpment of 
Bigelow Bench along Musselman and Little Creeks, on the tops 
of ridges on the east side of Muddy Creek, and the flanks of 
Chapman Butte (Figure 12). Exposures of Bridger Formation 
were generally poor and slope forming. The few limestone and 
sandstone layers were often crudely bedded, slumped, and 
shattered.
Unconsolidated Deposits. Many small deposits of gravel 
are present in the Muddy Creek area. They are often 
identified by the presence of rounded cobbles from the Uinta 
Mountain Group at the surface. Many are spatially related 
to streams in the area. The northern end of Bigelow Bench 
is interpreted to be glacial outwash. Some of the deposits 
are clearly terraces, some could be pediments or alluvial 
fans. The terrace-like deposits on the west side of Muddy 
Creek are 8 to 10 feet thick, containing mostly gravel and 
sand with some cobble-sized material. The clasts are mainly
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FIGURE 12. View east at the contact between Bridger 
Formation and Green River Formation. Contact is buff- 
colored bed in left middle ground indicated by arrow. 
Chapman Butte is in the right background (NE1/4 NE1/4 29- 
T14N-R117W).
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green, purple and tan quartzite, possibly recycled from 
earlier deposits. The gravels in a gravel pit on the west 
side of Muddy Creek north of Piedmont are stratified and 
exhibit up to 0.25 inch thick crusts of caliche on their 
undersides (Figure 13).
Material of possible alluvial pediment origin is 
located on sloping ground adjacent to Little (3,10,11-T14N- 
R117W) and Musselman Creeks (10,11,14-T15N-R117W). Not much 
could be ascertained about the deposits from their surface 
appearance. In places, it is possible to see fragments of 
Green River limestones eroded from mudstone bedrock mixed in 
with the quartzite gravels. This may indicate that the 
gravels are thin. The deposits resemble the terrace gravels 
except for the tilt of their surfaces.
Glacial till and outwash deposits are present on 
Bigelow Bench (Bradley, 1936). Glacial till is recognized 
by the greater angularity of cobbles than alluvial outwash 
(Schlenker, 1988). Moraines of three glacial periods.
Little Dry, Blacks Fork, and Smiths Fork, have been 
identified in the Black's Fork drainage to the east of the 
study area. Morainal material from the Little Dry, the most 
extensive of the glaciations, is possibly present at the 
head of Muddy Creek. However, the headwaters of Muddy Creek 
are quite low in elevation and relatively small in drainage
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FIGURE 13. Alluvial terrace deposits exposed in gravel pit 
on the west side of Muddy Creek (21-T15N-R117W). View is to 
the north. Muddy Creek is to the right out of the 
photograph. Deposits are approximately 10 to 12 feet thick 
and stratified.
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area. It is possible that Muddy Creek escaped valley 
glaciation during the Blacks Fork and Smiths Fork periods. 
Erosion may have removed evidence of glacially transported 
materials.
Accumulations at the base of slopes, transported 
downslope by alluvial and sheet wash processes are 
designated "surface wash" in this study (similar to 
"alluvium of side slopes" in Gibbons, 1986). Most are 
alluvial fans and debris at the base of escarpments such as 
those along the east side of Muddy Creek.
The deposits range from a few feet thick on slopes to 
tens of feet thick at the base of slopes. The materials are 
silts, sands, and clays eroded from higher portions of the 
slope. Some of the fans are stratified.
Materials in the present floodplains are designated as 
recent alluvium. These materials are being actively eroded, 
transported, and deposited by streams. Only Muddy Creek and 
the lower portions of its major tributaries, Little, Moss, 
Fish, Clear, East Fork, and West Fork, appear capable of 
moving coarse bed material. Muddy Creek has coarse gravel 
and a few cobbles in its bed, but it would have the 
competence to move them only at the highest flows. Most of 
the cut banks in the area have only fine silty and clayey 
material in them. The few cobbles and gravels in the small
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streams appear to have either ravelled into the floodplain 
from other deposits or are the residual product of the 
erosion of older terraces along the banks.
Geomorphology
Landforms and surficial geologic materials provide many 
clues to the Quaternary history useful in the interpretation 
of neotectonics in the study area. Work by other 
researchers helps to provide a basis for interpretation. 
Bradley (1936) discussed regional erosion surfaces and 
glaciations of the Uinta Mountains. Hansen (1986) related 
much of the geomorphology with tectonic events in the 
eastern Uinta Mountains. Schlenker (1988) interpreted a 
glacial chronology in the Blacks Fork drainage east of the 
study area.
Geomorphic Surfaces. One of the regional erosion 
surfaces present on the north flank of the Uinta Mountains 
is prominent in the study area (Figure 14). Bigelow Bench 
is thought by Bradley (1936) to be a part of the Bear 
Mountain erosion surface in this area. In the Uinta 
Mountain region, the Bear Mountain surface is a pediment 
that slopes away from the Uinta Mountains toward the basin. 
Recycled cobble/gravel materials from the older Bishop 
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FIGURE 14. Remnants of Bear Mountain and Gilbert Peak 
erosion surfaces near the study area. These regional 
erosion surfaces may indicate long periods of tectonic 
quiescence during Pliocene and Oligocene time (Bradley, 
1964).
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Formation deposited on the middle to lower, basinward 
reaches of the surface on the northwestern flank of the 
Uinta Mountains (Hansen, 1986). The Bear Mountain surface 
indicates regional long-term stability during Pliocene time.
Piedmont glaciers of the Little Dry glaciation may have 
been present in the Muddy Creek area. Bradley (1936) and 
Schlenker (1988) both report the existence of Little Dry 
tills on top of Bigelow Bench down to an elevation of 7720 
feet (Plate I) in the study area. The Little Dry glaciation 
(Schlenker, 1988) is between 602 and 3 02 ka corresponding to 
a pre-Illinoian age correlative with pre-Bull Lake 
glaciation of Richmond and Fullerton (1986). Schlenker 
asserts that glacial outwash of Quaternary age is also 
present below the extent of Little Dry moraines. The 
evidence of glacial surfaces west of Bigelow Bench are now 
either modified and unrecognizable, or eroded away. The 
glacial till is difficult to identify because of the 
similarity of alluvial and glacially derived materials in 
the area, making the transition obscure.
Another erosion surface of regional extent is present 
near the study area. A remnant of the Gilbert Peak erosion 
surface is present on Elizabeth Ridge 10 miles south of the 
study area (Figure 14). The surface is approximately 300 
feet above the Bear Mountain surface and is restricted to
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the higher elevations of the north flank of the Uinta 
Mountains. Bishop Conglomerate is deposited on the Gilbert 
Peak surface and is thought to be Oligocene in age (Hansen, 
1986).
The Tipperary and Lyman benches are Pleistocene 
alluvial terraces in the Blacks Fork drainage east of the 
study area (Bradley, 1936). As former floodplains, the 
terraces tend to be quite flat and retain the gentle, down 
gradient slope of the stream which created them. Most 
terrace remnants in the Blacks Fork drainage have these 
characteristics. The Tipperary surface is about 60 to 90 
feet above the present drainage while the Lyman surface is 
about 15 to 30 meters above the present drainage of the 
Blacks Fork near the town of Lyman.
Drainage History. Muddy Creek drains into the Blacks 
Fork of the Green River near Granger, Wyoming. The Bear 
River, west of the study area, now drains into the Great 
Basin. Headwater stream piracy has occurred in several 
places in the Green River Basin sometimes with dramatic 
results. The Green River on the north flank of the Uintas 
once flowed into the North Platte until it was captured by 
vigorous tributaries of the Colorado River cutting across 
the Uinta Arch that foundered in Tertiary time (Hansen,
1986). Numerous captures of the upper Green to the Bear and
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Snake Rivers are apparent in western Wyoming. Hansen 
states,
Most captures involved diversion of Green River 
tributary drainage into Bear or Snake drainage, aided 
by Basin-and-Range faulting in late Cenozoic time, 
which lowered base levels of west-flowing Bear and 
Snake tributaries and raised their competence relative 
to tributaries of the Green (Hansen, 1985, p. 200).
Another major diversion postulated by Hansen involves 
the Bear River that may have flowed into the Green River 
through the present lower reach of Muddy Creek. The 
transfer is believed to have occurred along Piedmont, Stowe, 
and Sulphur Creeks just west of the study area (Figure 15) 
(Hansen, 1985).
West (1989) took the hypothesis a step further and 
postulated a neotectonic mechanism which may have produced 
the transfer of the upper tributaries of the Bear River from 
the former Green River to the present Bear River drainage. 
Down-to-the-west normal faulting along the leading edge of 
the Hogsback thrust could have aided in the diversion of the 
tributaries of the upper Green River into the Great Basin by 






FIGURE 15. Hypothetical paleo-course of the Bear River into 
the Green River basin via Muddy Creek. Faulting in the 
region may have contributed to the capture of the Bear River 
by Great Basin drainages (Hansen, 1986).
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Structural Geology
The Hogsback thrust and normal faults in the Hogsback 
thrust plate are discussed in this section as an orientation 
to structural features in the local setting.
Hogsback Thrust. The subcrop trace of the Hogsback 
thrust strikes approximately north-northeast beneath 
Tertiary cover through the study area (Figure 1) (De Bruin,
1987) (Royse and others, 1975). A structural cross-section 
prepared by Royse and others (1975) cuts east-west through 
the study area near Chapman Butte. This section shows the 
relationship of the Hogsback thrust to the stratigraphy in 
the study area (Figure 16). The Hogsback thrust ramps up 
from the regional basal detachment in Cambrian shale west of 
the study area. The fault flattens and splays in Cretaceous 
shales then steepens again up through Cretaceous sandstone 
and Paleocene Fort Union Formation. The thrust fault is 
shown truncated at the unconformity between the Fort Union 
and Wasatch Formations.
Normal Faulting. West (1989) mapped faults on the east 
side of Muddy Creek and a normal fault at the leading edge 
of the Absaroka thrust (Martin Ranch scarp). Normal faults 
have been mapped by Gibbons and Dickey (1983) and West 
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and east of the Absaroka thrust (Figure 3). Love and 
Christiansen (1985) and M'Gonigle and Dover (in press) 
mapped faults on the west side of Muddy Creek. West (1989) 
mapped down-to-the-west normal faults on the east side of 
Muddy Creek.
The normal fault at the leading edge of the Absaroka 
(Figure 3) was observed from trenching to have a 
displacement of 1.45 meters and a length of 4 kilometers.
The fault is located over the apparent continuation of the 
Absaroka thrust beneath Quaternary outwash alluvium. The 
fault is considered an analogue to apparent fault features 
at the leading edge of the Hogsback thrust and along the 
Muddy Creek Lineament (West 1989).
The Bear River Fault Zone (BRFZ) is located over a ramp 
of the Hogsback thrust just east of the leading edge of the 
Absaroka thrust (Figure 3). The BRFZ is approximately 40 
kilometers long including many down-to-the-west fault scarps 
and several antithetic scarps. Two rupture events at 
approximately 2000 and 4000 years B.P. displaced the surface 
2.0 to 5.3 meters per event (West, 1989).
Faults in graben-like patterns are mapped by Love and 
Christiansen (1985) and M ’Gonigle and Dover (in press) east 
of the BRFZ but west of Muddy Creek (Figure 3). These 
faults are consistent with the pervasive faulting observed
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in models of normally reactivated ramp structures (Figures 6 
and 7).
The faults mapped by West (1989) on the east side of 
Muddy Creek (Figure 3) are thought to be listric to the 
leading edge of the Hogsback thrust. They follow prominent 
drainage lineaments and are located adjacent to deformed 
gravel covered surfaces.
Seismotectonics
Information about the seismotectonics of the local 
setting is limited. Seismicity data is limited to 
historical time and the seismotectonic models for relating 
geologic structures to seismicity are still in the 
development stages.
Seismicity, A map showing historical seismicity for 
the state of Wyoming was compiled with information available 
through 1981 (Figure 17) (Reagor and others, 1985). 
Historical seismicity is earthquakes either recorded by 
instruments or described by published accounts. The map 
shows no recorded seismic events in the study area.
However, further north, along the Hogsback thrust near Fort 
Hill and LaBarge, activity is recorded (possibly related to 
mining). Similarly, events seem to be spatially related to 
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FIGURE 17. Seismicity map of southwestern Wyoming from data 
available up to 1981. Events shown with year, number of 
events, and Modified Mercalli Intensity (if known). The 
study area and approximate trace of the Hogsback Thrust are 
shown (Reagor and others, 1985).
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thrust and normal faults near Alpine, Wyoming and the Grand 
Valley. The data may indicate inactivity of faults in the 
study area during historic time or that a sufficient period 
has not passed for a good evaluation. However, the apparent 
spatial association of seismicity with normal faults related 
to thrusts in other parts of western Wyoming may indicate 
that seismic events can be generated on structures similar 
to those along the Muddy Creek Lineament and may have 
occurred on them prehistorically.
A seismicity map produced by the University of Utah 
seismograph network for the period of July 1962 to December 
1986 (Figure 18) shows seismic events along the inferred 
trace of the Hogsback thrust north of the study area and a 
small group of events about 20 km north of the Wyoming-Utah 
border near the study area (Arabasz and others, 1987). 
Uncertainty about exact locations this far from the rest of 
the network makes exact associations unwise. However, these 
events may be associated with seismic events generated along 
a normally reactivated Hogsback system.
Evidence of prehistoric seismicity such as surface 
ruptures and seismically induced landslides are uncertain. 
Further to the west on the Bear River Fault Zone, evidence 







FIGURE 18. Seismicity map including the study area in 
southwestern Wyoming. Map shows earthquake epicenters from 
July 1962 to December 1986 (Arabasz and others, 1987).
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West (1989) suggest large, multiple event seismicity 
(Figure 19).
Seismotectonic Models. After the consideration of 
seismicity data and focal plane solutions in the Basin and 
Range transition zone in central Utah, Arabasz and Julander 
(1986) conceived a model to relate seismicity to structure. 
Figure 20, from their paper is explained below and may be 
applicable to parts of the Intermountain Seismic Belt and 
the region of the study area. Located by corresponding 
letter on Figure 20, features of the model include :
(a) local predominance of background seismicity within 
a lower plate; (b) nucléation of a large normal- 
faulting earthquake near the base of the seismogenic 
layer, on an old thrust ramp, and with linkage to an 
established rupture pathway to a major surface fault; 
(c) occurrence of a moderate sized earthquake within a
lower plate --  manifesting structural discordance with
surficial geology, and with surface rupture inhibited 
by no established linkage to a shallow structure ; (d) 
occurrence of a moderate-sized earthquake and 
aftershocks on a secondary rupture where an underlying 
detachment restricts deformation to the upper plate ;
(e) diffuse block-interior microseismicity
predominating within an upper plate --- perhaps
responding to extension enhanced by gravitational 
backsliding on an underlying detachment; and (f) 
diffuse block-interior microseismicity within a lower 
plate where frequency of occurrence is markedly lower 
than in the overlying plate (Arabasz and Julander,
1986).
After detailed study of the neotectonics of the Darby- 
Hogsback and Absaroka thrust plates. West (1989) developed
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FIGURE 19. Exposure of a normal fault in irrigation ditch 
near Austin Reservoir in the Bear River Fault Zone west of 
the study area (36-T13N-R119W). West (1989) observed 
evidence of two faulting events with vertical displacements 
of 0.6 to 2.0 meters and interpreted a Holocene age for the 
rupture events.
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base of  






FIGURE 20. Schematic diagram showing relationship between 
seismicity and structure in the Colorado Plateau-Basin and 
Range transition zone (see text for explanation of letters 
on diagram)(Arabasz and Julander, 1986).
ER-3938 56
an integrated seismotectonic model for the area with 
applicability to similar settings in the thrust belt and 
Basin and Range transition zone. The model explains 
geologic and seismologic observations and contradictions in 
the context of the Absaroka and Darby-Hogsback thrust plates 
and the greater Intermountain Seismic Belt.
West postulates a three layer crustal division: a
quasi-plastic ductile zone below 12 km in depth, a brittle 
zone between the regional decollment at 8 km and the top of 
the ductile zone at 12 km, and a brittle zone between the 
regional decollement and the surface. The region is thrust 
faulted during Mesozoic regional compression which results 
in the development of major thrust sheets detached from a 
regional decollement. Extension is initiated in the ductile 
layer and accomodated by stretching and thinning. Extension 
in turn begins to affect the intermediate layer by 
reactivating existing basement faults and low angle 
detachments. Low to moderate seismicity is associated with 
the deformation of reactivated structures and the 
propagation of new faults (West, 1989).
Ultimately, extension is propagated into the layer 
above the regional decollement resulting in reactivation of 
pre-existing thrust faults producing normal displacements 
and half grabens at the surface along their leading edges
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(Muddy Creek Lineament). Seismicity may be produced by 
blind faults with no direct pathway to surface rupture. 
Displacement is propagated to the surface along reactivated 
structures. Continued movement along the reactivated 
structures produces new listric faults at ramps (Bear River 
Fault Zone) and other stress concentrations along the former 
thrusts (Bear River Fault Zone). The ramp normal faults 
truncate the leading edges of the former thrusts, 
deactivating them. Finally master faults propagate at 
preferred orientations severing the reactivated structures 
completely and forming high angle, basement penetrative, 
seismogenic faults capable of coseismic rupture (West,
1989).
West (1989) asserts that neotectonic activity in the 
Hogsback thrust plate is an expression of the early stages 
of extension with the reactivation of thrusts and 
development of ramp normal faults. Areas such as the back 
valleys of the Wasatch hinterland may be expressions of an 
intermediate stage with some utilization of pre-existing 
structures and some development of favorable high-angle 
structures. The Hebgen Lake and Borah Peak events which 
produced coseismic rupture are examples of late stage 
development of fault-bounded mountain blocks disregarding 
obsolete, deactivated structures (West, 1989).
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EVIDENCE AND RESULTS
The study has produced several lines of evidence 
relating to the existence of faulting in the Muddy Creek
Lineament. The Muddy Creek Lineament is defined for this
report as the area of drainage lineaments along Muddy Creek 
and its tributaries. Evidence for normal reactivation of 
the Hogsback thrust includes : topographic blocks with
tilted geomorphic surfaces, unpaired terraces, drainage 
lineaments, alignment of springs, displaced stratigraphy, 
asymmetric valley profiles, slope facets, excessive drainage 
entrenchment, discontinuities on reflection seismic 
profiles, and stream profile anomalies.
Topographic Blocks and Tilted Geomorphic Surfaces
One of the most striking aspects of the area is the
existence of topographic blocks discretely outlined by 
drainage lineaments which meet at near right-angles. 
Drainages such as Moss Creek, Little Creek, and Hague Creek 
outline topographic blocks. Some of these blocks appear to 
be steps from higher to lower levels. For example, along 
cross section D-D' (Plate II), Bigelow Bench is the top 
level. The block outlined by Hague Creek is a step down.
The block outlined by Little Creek is a lower step.
Finally, the west bank of Muddy Creek forms the lowest step 
in the progression. Development of the present blocky
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topography has taken place since Pliocene time when the 
topography was at the smooth base level of the Bear Mountain 
erosion surface (Bradley, 1936). The blocky topography of 
this scale is somewhat anomalous for the types of 
lithologies involved. Further north, block-like topography 
is also associated with the Eocene rocks, but these blocks 
lack the linearity and large scale of the blocks in the 
study area.
Many of the topographic blocks have tilted, gravel- 
covered surfaces covering them. These surfaces are 
spatially related to modern streams in the study area. The 
gravel surfaces were mapped as Quaternary gravel (Qg) and 
Quaternary glacial till (Qt). A number of these surfaces 
have been described in the Appendix and correspond to a 
numbered surface on Plate III. Not only do many of these 
surfaces have components of tilt which seem anomalous, but 
the tilt has a component in the direction perpendicular to 
the modern stream direction. Spatial relationships and the 
observation of stratification in gravel pits along Muddy 
Creek supports an alluvial terrace origin for the surfaces. 
Some of the gravels could represent naturally sloping gravel 
surfaces such as pediments or coalescing alluvial fans.
Some of the tilted surfaces are found adjacent to 
Little and Musselman Creeks (Figure 21). Not much could be
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FIGURE 21. View northwest of a gravel-covered surface along 
lower Little Creek (3-T14N-R117W). Gravels are not found to 
the right of Little Creek. The surface may be a pediment or 
a tilted alluvial terrace. A pediment is an alluvial 
landform deposited on a slope. If the surface is an alluvial 
terrace, it was deposited essentially flat and was later 
tilted.
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ascertained about the deposits from their surface 
appearance. The left bank surface along Little Creek 
paralleling the west flowing lower reach is a long, gently 
undulating surface which slopes consistently at about 2.6 
degrees in the direction perpendicular to the present flow 
direction (see surface 15, Appendix, Table A). The surface 
has gravels on it, but they appear to be thin and pieces of 
limestone and mudstone are also present. Thus, stream 
transport as the sole mechanism of development, is doubtful. 
The dip direction of the surface deviates from the present 
valley trend by an average of 74 degrees. The expected dip 
direction of an alluvial terrace would be nearly parallel to 
the stream valley trend or zero degrees. A tilt 
perpendicular to the stream would have a deviation from the 
present valley trend of 90 degrees.
Two benches in the surface are evident in the 
topography near the mouth of Little Creek, one at about 60 
feet and one at 30 feet above present stream. These may be 
terraces and are coincident with material differences 
observable on the surface. Figure 22 shows primitive roads 
that have exposed gravels in more abundance coincident with 
these benches. The bench-like morphology is very subdued 
and rounded, making recognition of discrete terraces 
difficult. Some gravel remnants lie above Little Creek,
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FIGURE 22. View to the northeast at gravels exposed in road 
ruts along lower Little Creek (south bank). Material 
differences are recognized by lighter colored material in 
foreground and right background along road to the right 
(SE1/4-4-T14N-R117W). The gravels have little terrace 
morphology and occur on sloping ground.
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on its east bank (2-T14N-R117W, 12-T14N-R117W, and NE1/4- 
27-T14N-R117W). They are fan shaped and usually occur at 
the mouths of gulches draining Bigelow Bench, and may 
indicate a former base level. Cottonwood Hollow and Rock 
Hollow are located at the north end of the thesis area.
Both creeks originate by spring flow on the surface of 
Bigelow Bench. At their headwaters glacial outwash caps the 
gently northward dipping Bear Mountain erosion surface and 
is continuous on both sides of the channel. Downstream an 
escarpment rises continuously on the east bank while the 
west bank becomes a broad warp toward the drainage (Figure 
23). The gravels on the warped surface appears continuous 
and assume their horizontal position again 1/3 to 1/2 mile 
west of the drainages. Hague Creek also has apparent 
warping of glacial till on its west bank. The warping 
decreases in magnitude in the upstream direction until the 
surface is again continuous.
West (1989) observed warped gravel covered surfaces in 
the Bear River Fault Zone apparently associated with 
faulting. In one photograph of the Sulphur Creek fault 
scarp (35-T13N-R119W), warped terraces can be seen in the 
distance along the continuation of the fault scarp.
The association between topographic blocks and tilted, 
gravel-covered surfaces is strong. Almost all of the
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FIGURE 23. View north along Cottonwood Hollow showing 
sloping, gravel-covered surface (NE1/4 7-T15N-R116W). 
Interstate 80 is in the middle ground. The warped surface 
to the left is probably correlative with the top of the 
escarpment at the right. The warp is approximately 1/3 to 
1/2 mile wide on the left bank.
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topographic blocks have tilted gravels on covering some 
portion of their surface.
Unpaired Terraces
If gravel deposits spatially related to streams in the 
study area are considered to be alluvial terraces (Gibbons, 
1986)(M*Gonigle and Dover, in press), then it is peculiar 
that these deposits are preserved mainly on the west banks 
of northward flowing stream segments, and the south banks of 
westward flowing segments (Plate III). Lower Muddy Creek, 
Little Creek, and Musselman Creek all have unpaired terrace 
surfaces. Exceptions occur mainly in the southern part of 
the study area on low terraces along the East and West Forks 
of Muddy Creek.
Drainage Lineaments
Conspicuous drainage lineaments are present in the 
study area. A few color and topographic lineaments are 
present and related to stratigraphy. Some vegetation 
lineaments are subtly evident on slopes in the infra-red 
aerial photographs and are also related to stratigraphy.
None of the non-drainage lineaments are particularly obvious 
or common.
Lineaments can reflect the structural fabric in an 
area, especially when combined with other methods of
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investigation and local experience. Factors that blur the 
possible conclusions from an analysis of lineaments in an 
area include : scale of investigation, season, image
distortion, non-geological lineaments, and investigator bias 
(Bradley, 1983).
The lineaments used for analysis are shown in Figure 
24. The rose diagram of the lineament orientations in the 
whole area (Figure 25) shows that the lengths of lineaments 
in the northeast oriented trends predominate throughout the 
area of the Muddy Creek Lineament. Orientations of N10W 
through N40E and N50E through N70E are the largest 
concentrations. The most abundant orientation is N50-60E.
To further trace the orientations of dominant 
lineaments as they change along the trend of the Muddy Creek 
Lineament, the Rose diagrams of the lineaments of each 
township starting with T13N were plotted. The dominant 
length-weighted trends in T13N are N20-30W, N10W to N20E and 
N50-60E (Figure 26). The most abundant set of orientations 
is in the N0-10W group.
In the township T14N the dominant length weighted trend 
is in the N50-60E group (Figure 27). While in T15N 
(Figure 28), N10W through N10E, N30-40E, and N60-70E had the 








RI 18W RI 17W RI 16W










10% 15%15% 20%5%10% 5%20%
FIGURE 25. Rose diagram of all length weighted lineaments 
in the analysis. The diagram shows an abundance of north 









FIGURE 26. Rose diagram of length weighted lineaments in 
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FIGURE 27. Rose diagram of length weighted lineaments in 
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FIGURE 28. Rose diagram of length weighted lineaments in 
area of T15N. The most common lineament trends are north 
and northeast. Some of the trends may represent drainages 
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FIGURE 29. Rose diagram of length weighted lineaments in 
area of T16N. Northeast trending lineaments are the most 
common orientation.
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N20-30E lineaments predominated, but the N50-60E lineaments 
were also abundant.
In general it can be observed that northeast directed 
lineaments predominate throughout the Muddy Creek Lineament. 
At the southern portion of the study region, T13N, 
lineaments are directed mainly north. In T14N through T16N 
lineaments trending in a more northeasterly orientation 
predominate.
Stratigraphie Offset
The results of mapping are included on Plates I 
(geologic map) and II (cross sections A through G). The 
study area contains parts of three Eocene formations. The 
Wasatch Formation is the oldest formation exposed in the 
area and dominates the western part of the study area. The 
Green River Formation is mainly restricted to the east side 
of Muddy Creek, except for the downfaulted remnants (mapping 
of M'Gonigle and Dover, in press) west of Piedmont. This 
author found no reason to invoke the existence of a lower 
member (Wilkins Peak) to account for these remnants. The 
Bridger Formation is mainly in the eastern and southern 
parts of the study area. Both the Green River and Bridger 
Formations probably existed some distance to the west of 
Muddy Creek, but were eroded away since Pliocene time (when 
Bigelow Bench was cut).
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The visible juxtaposition of strata along a fault that 
would prove the existence of normal faulting on the east 
side of Muddy Creek could not be found in the critical 
places because of surficial cover or poorly exposed 
stratigraphy. The soft formations do not produce outcrops 
in the valleys along the drainage lineaments. Much of the 
stratigraphy is monotonous shales in an eroded badlands 
topography.
The cross sections predict block displacements of about 
200 feet along Muddy Creek (Figure 30), 175 feet along 
Little Creek (Plate II, section D), 75 feet along Hague 
Creek (Plate II, section D), <50 feet along West Musselman 
Draw (Plate II, section C), <50 feet along lower Moss Creek 
(Plate II, section G), and <50 feet along Cottonwood and 
Rock Hollows (Plate II, section B and section A). The 
displacement of the Bigelow Bench surface by probable faults 
south of Chapman Butte is shown by cross section to be about 
50 feet along Moss Creek, 75 feet along Fish Creek, 50 feet 
along Clear Creek, and 50 feet along East Muddy Creek (Plate 
II, section F).
The cross-sections were produced by projecting the dips 
of exposures on the ridges, but their accuracy could be 
questioned for two reasons. One, strike and dip information 
was scarce, providing little field control for stratigraphie
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FIGURE 30. View north along Muddy Creek near Piedmont 
showing down-to-the-west separation of Green River-Wasatch 
Formation contact between buttes on the left ("A" on photo) 
(29-T15N-R117W) and Meyers Ridge ("B" on photo) (34-T15N- 
R117W). The apparent separation may indicate the existence 
of a fault between the two exposures.
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orientations. The problem was that the mudstones of the 
Eocene formations are essentially slope-forming. The 
sandstones and limestones are discontinuous, unbedded and 
slumped near the surface. Two, the projection of 
formational contacts over miles of area without data could 
produce apparent displacements where none in fact exist.
Observations of Slope Anomalies,
Many of the stream valleys that originate on Bigelow 
Bench have an asymmetrical profile meaning that the slope on 
one bank is longer and more gradually sloping than the slope 
on the opposite bank. Streams exhibiting this 
characteristic are Hague, Quartz, Quarry Creeks, Rock and 
Cottonwood Hollows, and Musselman Draw. The gentle sloping 
bank is consistently on the west side of the north flowing 
streams, and has a warped appearance. The steep sloping 
east banks are escarpment-like and do not have continuous 
gravels on their slopes. Other streams in the area west of 
Bigelow Bench such as Little, Musselman, Moss, and Muddy 
Creeks have the asymmetry but the bank to bank contrast in 
slope development is not as obvious.
Other remarkable characteristics of the slopes along 
suspected fault controlled drainages include excessive 
entrenchment and length relative to the size of their 
drainage areas. A qualitative observation of stream valley
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development in the study area shows that streams that are 
north-northeast lineaments have steeper slopes and deeper 
valleys relative to comparable streams that do not follow 
lineaments. This is especially apparent with streams that 
incise Bigelow Bench. Moss, Clear, and Fish Creeks seem to 
have highly underfit drainage basin areas to be responsible 
for their valleys. Other streams of comparable size and 
length on the east side of Bigelow Bench do not exhibit the 
same size valleys nor are their slope angles as steep. 
Streams like Hague Creek, Musselman Draw, Cottonwood and 
Rock Hollows, and Cottonwood and Quarry Creeks penetrate 
great lengths into Bigelow Bench in comparison to other 
small drainages that drain its slopes. Yet they have no 
substantial drainage areas to gather the necessary erosive 
power.
Another remarkable observation is that some of the 
streams along lineaments exhibit limited tributary 
development relative to the length and depth of the trunk 
stream. Hague Creek and Cottonwood Hollow for example are 
prominently entrenched in Bigelow Bench, but have virtually 
no drainage fabric that presumably could feed a stream 
capable of that type of entrenchment. The east bank slopes 
along upper Hague Creek show only rills which crudely 
coalesce on the slope, but do not penetrate the escarpment
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significantly. They result in triangular facets on the 
slope face (Figure 31). The upslope point of the triangular 
facet corresponds with a slope break, upslope of which the 
profile is apparently concave and downslope of which the 
profile is more convex (excluding the debris apron) (Figure 
32). The break in slope on the east slope corresponds to a 
subtle bench-like feature visible on a low-sun-angle photo 
of the west bank of the Hague Creek topographic block 
(Figure 33).
The rills and small tributaries which develop on the 
sloping gravel covered surfaces seem to be consistent with 
the influence of tilting. For example, on Little Creek 
the small tributaries on the north-northeast trending reach 
are northeast trending. Yet on the lower, east-west 
trending reach of Little Creek the small tributaries trend 
northward reflecting the same change in tilt direction 
indicated by the gravel covered surfaces between the two 
stream reaches.
Evidence from Reflection Seismic
Reflection seismic lines for the study area were 
generously provided by Amoco and Exxon. A west-east Exxon 
seismic line near the Mumford Ridge Well in the southern 
part of the study area was used by West (1989) as subsurface 
evidence for normal faults listric to the leading edge of
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FIGURE 31. Warped gravel-covered surface and triangular 
slope facets along Hague Creek looking north. Triangular 
facets may indicate that the incision rate of rill erosion 
has exceeded the side slope erosion rate significantly. 
Faulting, or entrenchment for tectonic or non-tectonic 
reasons, could be the cause.
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FIGURE 32. Anomalous slope profile along Hague Creek 
looking south. The valley is asymmetric with the slope to 
the left much steeper than the slope to the right. The 
slope on the left exhibits faceting and shows a pronounced 
change in slope angle in the middle of the slope. The slope 
on the right is covered by gravels and the surface appears 
to be warped downward toward the creek. Gravels on the 
escarpment at left are correlative with gravels on the slope 
to the right.
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FIGURE 33. Looking south a bench-like feature is visible on 
this low sun angle photo of the west bank of the Hague Creek 
topographic block. The feature could be an old terrace or 
part of a collapse feature between a fault and an antithetic 
fault.
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the Hogsback thrust. From the interpretation made by West, 
it is possible to see at least 4 faults that cut the 
Tertiary section and merge with the Hogsback thrust at 
depth. The faults form breaks in reflectors which exhibit 
drag and tilting. Back tilting is also visible in both the 
topography above the faults and reflectors along a ramping 
portion of the reactivated thrust.
An interpreted seismic line in Story (1978) (Figure 34) 
shows imbricate thrust faulting and listric normal faults. 
The west-east line crosses the leading edge of the Hogsback 
thrust approximately 25 miles north of the study area.
The reflection seismic lines available to this author 
also show some evidence of normal faulting along the leading 
edge of the Hogsback thrust. The seismic lines mentioned 
here parallel the trend of regional dip of the Tertiary 
formations. Plate V is generally located in the southern 
part of the thesis area, while Plate IV is located near the 
middle of the thesis area. Plate V shows an interpretation 
by the author of imbricate thrusts and three normal faults 
that sole into the thrust at depth. The faults are 
interpreted from discontinuous and bent reflectors in the 
Tertiary section, and surface lineament locations. The 







FIGURE 34. Interpretation from a west-east seismic line 
across the Hogsback thrust system 25 miles north of the 
study area. Shown are imbricate thrust faults and younger 
listric normal faults. The Thaynes Formation is shown as a 
marker (Story, 1978).
ER-3938 82
East Muddy Creeks in the southern portion of the study area 
(T13N R117W).
Other anomalous breaks in reflectors and unexplained 
bends in Tertiary strata are present on various seismic 
lines observed by the author, but most of the shallow data 
are not of sufficient quality to distinguish between the 
effects of velocity differences, poor data, and possible 
normal faults. Story (1978) explains that listric normal 
faults are often hard to detect because deformation produces 
low velocity zones and data loss where fault planes are 
steeply dipping. Alluvial valleys which form at the surface 
due to fault deformation result in poor data and low 
velocity zones.
A fault outside the study area is visible on the Exxon 
seismic line, interpreted by Exxon and shown with permission 
(Plate IV) (Personal Communication, Exxon, 1990). Actually 
two faults, a graben has formed over a ramp on the Hogsback 
fault. The faults are apparently along the northern 
continuation of the Bear River Fault Zone described by West 
(1989) along Soda Hollow near Ragan (T15N R117W). This line 
also shows the existence of multiple thrust splays. Each 
splay of the thrust could propagate a separate listric 
normal fault when reactivated. Some interesting 
discontinuities in reflectors are visible ahead of the
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thrusts in the younger Tertiary sediments. The bends and 
breaks in reflectors could represent shallow normal faults 
but a normal fault was not drawn because of poor data 
resolution and insufficient evidence.
Stream Profile Anomalies
During this study 4 longitudinal profiles of streams 
were plotted (Figure 35). Anomalous changes in slope could
indicate deformation by faulting which is still being
adjusted to by streams in the area.
Hague Creek Profiles. Hague Creek is a drainage with a 
right angle bend and is a tributary of Little Creek. The
longitudinal profile of Hague Creek (Figure 36) is convex in
general configuration, which deviates from the expected 
negative exponential shape. Obvious breaks in slope occur 
at 2.5 km and 4 km. These reaches roughly correspond to the 
linear trends N75W and N32E and the bend of the streamcourse 
toward the west. The convex longitudinal profile of Hague 
Creek is highly anomalous and is hard to imagine as the 
result of headward erosion. Breaks in slope are not related 
to tributary influx.
West Fork of Muddy Creek Profiles. The elevation 
profile of West Muddy Creek (Figure 37) shows an anomalous 
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FIGURE 35. Locations of stream reaches profiled for study.
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Hague Creek
















FIGURE 36. Longitudinal profile of Hague Creek. 
Significant features and trends of linear segments are 
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FIGURE 37. Longitudinal profile of the West Fork of Muddy 
Creek. Significant features and linear segments are shown.
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tributaries dammed by Guild and Byrne Reservoirs. Another 
anomalous break in slope occurs where Van Tassel Creek joins 
the West Fork (7 km). Because the West Fork is a smaller 
stream upstream from this point it might be expected to have 
a steeper gradient than the downstream reaches. Both 
anomalies also roughly conform to the ends of linear stream 
reaches.
Moss Creek Profiles. Moss Creek heads on Mumford Ridge 
near the southern boundary of the study area. It is one of 
several parallel, north trending creeks that begins on 
Mumford Ridge. On its lower end it flows through a quasi 
right-angle bend. The longitudinal profile (Figure 38) 
shows a slightly concave shape with a break in slope around 
3 km near the bend to the west. Another anomaly occurs 
around 6 km near the downstream end of the N3E linear 
segment. Ponds at this point contribute to the flat 
character of this section.
Cottonwood Hollow Profiles. Cottonwood Hollow is a 
small spring-fed creek which begins at the north end of 
Bigelow Bench and trends northeastward until it reaches the 
edge of Bigelow Bench. It then turns abruptly northwest and 
then northeast again. On Bigelow Bench it occupies an 
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FIGURE 38. Longitudinal profile of Moss Creek. Significant 
features and linear segments are identified.
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a sloping gravel-covered surface on the left bank. An 
apparent abandoned channel that connected Cottonwood Hollow 
with Rock Hollow to the east is located where Cottonwood 
Hollow drops over the edge of Bigelow Bench. The 
longitudinal profile (Figure 39) reveals a pronounced convex 
shape with the slope break near the point where the present 
course deviates from the abandoned channel. This occurs 
near the downstream end of linear segments of the drainage. 
At 3.5 km the break in slope corresponds to the transition 
to a more gently sloping reach. The profile documents the 
abandonment of a previous channel, possibly due to faulting 
along the linear portion of Cottonwood Hollow.
General Profile Observations. Streams in the area do 
not appear to be in equilibrium with respect to channel 
slope. Some slope changes seem to roughly correlate with 
the ends of linear segments. Some anomalies correlate with 
tributary inflows. Resistant stratigraphie layers may play 
a role in producing profile anomalies, but it was not 
possible to document this influence. Streams with convex 
profiles originate on Bigelow Bench.
Distribution of Drainages and Springs
The development of drainage in the Muddy Creek area has 
probably occurred largely since Pliocene time when the Bear
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FIGURE 39. Longitudinal profile of Cottonwood Hollow. 
Significant features and trends of linear stream segments 
are identified. The profile is convex, unlike the typical 
negative exponential profile of a headwardly eroding stream. 
The ends of a linear stream segment coincide with an 
apparent abandoned channel.
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Mountain erosion surface was created, and perhaps since 
early Quaternary time when glacial erosion and outwash 
changed the landscape. It is puzzling then to note that the 
southern portion of the thesis area has several parallel, 
steep-walled stream valleys that originate on Mumford Ridge. 
Moss, Fish, Clear, and the East Fork of Muddy Creeks are 
less than a mile apart, have relatively insignificant 
drainage areas in proportion to the prominence of their 
valleys, and they do not have significant tributary patterns 
for the efficient gathering of runoff.
The development of drainages that have incised the 
gravel cap on Bigelow Bench is equally enigmatic. Bigelow 
Bench is relatively untouched by headwardly eroding streams 
from the Muddy Creek or Blacks Fork sides with several major 
exceptions. Hague Creek, Musselman Draw, Cottonwood Hollow, 
Rock Creek, Quarry Creek, and Cottonwood Creek are 
anomalously long erosional breaches on the lower end of 
Bigelow Bench in the study area. The typical ephemeral 
stream which drains the slopes of Bigelow Bench penetrates 
about 0.25 to 0.50 mile from the edge. The drainages 
mentioned above all penetrate several times that amount.
The anomalous drainages are irregularly distributed, have 
disproportionately minor drainage areas for their size and 
depth, and display little tributary development.
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Radical bends in the courses of major tributaries of 
Muddy Creek are additional characteristic anomalies. The 
block-like appearance of the topography is related to the 
nearly right angle bends in the streams along the west edge 
of Bigelow Bench.
Many of the linear streams in the study area such as 
Moss, Little, Hague, and Musselman Greeks, and Cottonwood 
Hollow have springflow associated with them (Figure 40). It 
may be a circular argument of whether the springs caused the 
development of a stream or vice versa. However, the spatial 




FIGURE 40. Locations of springs in the study area. 
Concentrations are located along Little Creek, Hague Creek, 
and Cottonwood Hollow. The springs along Cottonwood Hollow 
are puzzling since Bigelow Bench is a high feature of the 
topography and gravel pits on Bigelow Bench do not indicate 




The evidence presented can be interpreted as an 
indication of neotectonic faulting. When considered 
together, the lines of evidence support the normal 
reactivation of the Hogsback thrust.
Topographic Blocks and Tilted Geomorphic Surfaces
Block-like topography supports a neotectonic 
interpretation. The size and shape of the blocks seem to be 
outlined by linear drainages and gravel-covered surfaces. 
Block spacing is wide and irregular, and each large block is 
not composed of smaller sub-blocks.
In terms of neotectonics, the blocks may be controlled 
by down-to-the-west normal faulting. Normal fault 
displacements could control erosion and physically separate 
blocks producing the observed topography.
Sloping gravel-covered surfaces on topographic blocks 
may be tilted alluvial terraces and erosion surfaces. 
Neotectonic tilting of alluvial terraces supports an 
interpretation of faulting along Muddy Creek and its 
tributaries. An alluvial terrace is a dissected remnant of 
a former floodplain. Typical alluvial terraces have a 
component of slope in the downstream direction corresponding 
to the downstream slope of the floodplain. Slope 
perpendicular to the stream should be minimal. Some
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colluvial build-up along the valley edges may account for a 
small slope, but any significant differences would be 
eliminated by lateral corrasion during normal migration of 
the stream across its floodplain.
Plate III shows gravel-covered surfaces in the study 
area and 15 of them are described in the Appendix. Most of 
the surfaces interpreted as alluvial terraces have slopes 
parallel to present streams of a reasonable 1 to 3 degrees. 
But some slopes perpendicular to streams also range from 1 
to 3 degrees, unlikely for a continuous single alluvial 
terrace. Some of the terraces such as the high terraces 
along Muddy Creek and low terraces along East and West Forks 
of Muddy Creek do not have unreasonable components of tilt.
The blocky topography may also have a variety of non- 
tectonic origins. Stratigraphie control could produce both 
strike valleys and planar surfaces resistant to erosion.
This would create topographic blocks, but might not explain 
wide and irregular spacing and the lack of consistent block­
like erosional forms at many scales in the topographic 
fabric.
Some of the blocks could be large scale landslides, but 
regionally the same lithologies are not known to be 
susceptible to such large scale block sliding. And locally, 
large rotational slumps and earthflows are the common
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landslide forms. The failure surfaces would have to cut 
great thicknesses of intact rock in order to form landslides 
of the configurations of the blocks in the study area.
A non-tectonic explanation of sloping gravel covered 
surfaces could invoke sloping landforms such as pediments or 
alluvial fans. However, the sloping gravel-covered surfaces 
do not exhibit fan morphology, a concave profile, or an 
upland source area for gravels. Some of the surfaces may 
have been modified by erosion. Original alluvial terraces 
may be pedimented, and several terrace treads may be smeared 
along a single slope. Surface 15 (Plate III and Appendix) 
near the mouth of Little Creek shows evidence of pedimented 
terrace benches.
The sloping gravel-covered surfaces on Bigelow Bench 
adjacent to Hague Creek, Cottonwood Hollow, and Rock Hollow, 
are difficult to explain non-tectonically. The gravels 
appear to be continuous from the flat portions of Bigelow 
Bench down the gentle warps to the streams. The surfaces 
are not alluvial fans or pediments nor do they appear to 
have undergone much modification by slope erosion. They are 
interpreted to be the result of subsidence next to listric 
normal faults that warp and fold the continuous gravel cover 
on the hanging wall block next to faults interpreted across 
Bigelow Bench (Plate I).
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Unpaired Terraces
The lack of paired terraces along streams like lower 
Muddy Creek, Little Creek, and Musselman Creek is 
perplexing. Often a stream will create cyclic terrace 
remnants alternating on both sides of the valley.
Schoenfeld (1969) describes non-cyclic terraces in the Burnt 
Fork area of the Uinta Mountains as being the product of 
greater uplift on one side of the stream than the other, 
causing the stream to be forced against the bank of the 
downthrown block.
In the Muddy Creek area, however, the terraces are 
preserved on the postulated downthrown block, opposite from 
the Schoenfeld explantion. But, if deformation of the 
hanging wall by listric roll-over or back-tilting is 
occuring, the effect near the stream is to produce a tilted 
floodplain with the shoreward part of the terrace being 
"uplifted" with respect to the streamward portion, 
preserving a remnant on the downthrown block. The roll­
over mechanism may also force the stream against the 
upthrown block obliterating any remnants on the upthrown 
side of the stream. Slope erosion on the steep slopes of 
the upthrown block may also contribute to the removal of 
terrace materials on the upthrown side of the stream.
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A non-tectonic explanation for unpaired terraces 
involves a change in the course of the stream such that 
terraces on a single side are obliterated. No cause for 
such a course change could be found or postulated.
Drainage Lineaments
The drainages along Muddy Creek in the study area are 
conspicuous lineaments. The use of a structural model with 
the lineament analysis may give insight into the bedrock 
structural geology. General results of a lineament analysis 
are reproducible, and when added to the knowledge base for 
an area, can be useful in interpreting structural geology. 
The lineaments are produced by drainages that may result 
from neotectonic normal faulting or warping in the study 
area.
The pattern of lineaments shows a strong correlation 
of linear trends with the trend of the subcrop trace of the 
Hogsback thrust (Plate I). When combined with the strong 
spatial correlation of the Muddy Creek Lineament to the 
Hogsback thrust, the conclusion of control by the 
reactivated Hogsback thrust seems plausible. Some of the 
other northeast trends on the Rose diagrams may have been 
produced by side drainages controlled by erosion down the 
warped surfaces adjacent to normal faults.
Strike valley development could also explain the 
development of north-northeast trending drainage lineaments. 
Most of the stratigraphie strikes determined in the field 
are not reliable nor numerous. However, they seem to 
indicate a range between due north and approximately N20E 
for the Green River Formation, which is verified by map 
relations and previous workers (Bradley, 1964; M'Gonigle and 
Dover, in press). Some of the prominent drainage lineaments 
coincide with regional strike. The Hogsback thrust 
parallels the strike of the Tertiary Formations in much of 
the area. Thus structural control of drainage may be 
difficult to separate from stratigraphie control, and both 
may work together to produce the lineaments in the study 
area.
Some evidence does argue against strike valley control. 
The abrupt change in strike of valleys south of Chapman 
Butte coincidental with the change in strike of the Hogsback 
thrust does not correlate with any known change in strike of 
stratigraphy. Also, the area does not show a typical 
stratigraphically controlled rectangular drainage. Many 
tributaries cut across strike in non-dip directions and even 
ephemeral drainage cuts indiscriminately across strike. 
Lithologies in the area seem inadequate to influence stream 
erosion. Lenticular sandstones in the Wasatch have some
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local effect, but they erode quickly when exposed to flowing 
streams. A resistant thickness of limestone or marlstone at 
the Green River/Bridger formation contact seems to control 
surface wash at the tops of ridges on topographic blocks in 
the area. Musselman Ridge, and the blocks outlined by 
Little Creek and Moss Creek, are topped by surfaces of this 
limestone denuded of its fine-grained cover. But third and 
fourth order streams have deeply eroded it downslope with no 
regard for strike control.
Stratigraphie Offset
The results of the geologic mapping and cross-sections 
indicates normal separation of stratigraphy in the study 
area. Faults were inferred along drainage lineaments to 
account for the separation between outcrop contacts and 
projections of contacts into the subsurface (Plate II). 
Assumptions necessary during mapping and cross-section work 
could show separation where none exists. However, the 
contacts were projected conservatively.
In the absence of significant errors, normal faulting 
along lower Muddy Creek and Little Creek is supported by 
mapping and cross-sections and is probable along most of the 
other lineaments.
ER-3938 101
Observations of Slope Anomalies
A neotectonic explanation for asymmetrical valleys 
invokes the presence of roll-over deformation and back- 
tilting on the downthrown side of a listric normal fault.
The spatial relationship of asymmetrical valleys to 
lineaments is strong and the continuity of gravel deposits 
down the gentle-bank side supports a deformational 
hypothesis.
Asymmetric valleys have been described in other areas 
of the world. Most studies have tried to link climatic 
variation with valley asymmetry. Steep slopes have been 
correlated with the north facing hillslope aspects in the 
latitude of 30 to 45 degrees north. This phenomenon has 
been variously related to periglacial processes, variations 
in hillslope processes with aspect, and vegetation (Parsons, 
1988). The climatic explanations do not seem valid in the 
asymmetric valleys of the Muddy Creek Lineament area. The 
steepest slopes occur mainly on the east in the study area, 
and only drainages that are north and northeast lineaments 
have the asymmetric profiles.
One possible origin of the asymmetric slope development 
is that slope erosion on the up-dip side of a valley is 
controlled by the gentle eastward dip of the stratigraphy 
and the down-dip bank is steep because it has eroded a notch
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in the controlling strata. However, the soft strata in the 
area do not seem to exert much control on erosion, and the 
slope angles do not match the regional dip of stratigraphy.
Steep hillslopes adjacent to Hague Creek, Moss Creek, 
and Cottonwood Hollow could be the result of deformation by 
faulting or entrenchment of the streams due to faulting. A 
faulting hypothesis would explain the underfit drainages, 
the lack of tributary development, and triangular facets on 
the slopes. These slope anomalies are particularly evident 
along upper Hague Creek.
A triangular facet is formed when spur ridge erosion is 
slower than the erosion of the slope drainages (Mayer, 1986 
and Nash, 1986). This condition may result from the fact 
that slope drainages react more quickly to a base level 
change than hillslope degradation processes. Along Hague 
Creek master slope rills may be reacting to base level 
changes by entrenchment. But hillslope degradation has not 
yet adjusted, resulting in the faceted slope forms (Figure 
31). The base level changes may be neotectonic or related 
to general excavation and entrenchment of the entire Muddy 
Creek drainage system.
The lack of tributary development may be related to 
other factors such as materials. Easily eroded materials 
such as fine grained sediments may result in elongate
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drainage patterns due to high rates of headward erosion 
(Melton, 1959 and Howard, 1967). Once a psuedo-linear 
pattern is established it tends to be perpetuated if it 
parallels an escarpment that is also a drainage divide 
(common in strike valleys), a situation that is prevalent 
along many of the streams in the study area. Also the 
gravel cap on surfaces such as Bigelow Bench may protect a 
slope from degradation, but not be able to resist headward 
stream erosion that results in elongate streams that have 
high depth to valley width ratios.
Reflection Seismic Anomalies
Interpretation of reflection seismic profiles available 
to the author have provided some subsurface information. 
Seismic lines have confirmed the position of the Hogsback 
thrust and its imbricates beneath Tertiary cover in the 
study area. Multiple splays are present that could result 
in multiple normal faults if reactivated in the normal 
sense. Some lines show breaks in reflectors that can be 
interpreted as normal faults listric to reactivated thrusts. 
Some of these anomalies are near the leading edge of the 
thrust, others are over thrust ramps. The seismic 
information confirms the listric geometry of normal faults 
in the area.
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However, the interpretations are not fully certain and 
interpretation of the shallow information is questionable 
because of the low quality of data at shallow depths and 
possible interpreter bias.
Stream Profile Anomalies
Streams can be very sensitive to geodetic changes 
brought on by tectonic activity. Long after evidence of 
surface rupture is obliterated, local drainages may still be 
adjusting toward equilibrium. Studies of stream profile 
information have provided important clues to the location 
and relative age of neotectonic activity (Ouchi, 1985; 
Schumm, 1986; Thatcher, 1986). Slemmons and DePolo (1986) 
suggest that geomorphic adjustments to surface faulting may 
be detectable during the period from 100 to 1,000,000 years 
later.
Neotectonic activity may be the cause of some of the 
anomalies found on stream profiles. Differential 
displacement of a fault followed by a linear stream valley 
could produce nick points or slope anomalies, accumulation 
of sediment along subsided portions of the channel, and 
convex channel profiles. The convex profiles of Hague Creek 
and Cottonwood Hollow are particularly interesting because 
it is hard to imagine a headwardly eroding stream producing 
such a profile. Smaller streams with less discharge would
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best preserve neotectonic anomalies because erosional power 
in them would be less.
During this study four longitudinal stream profiles 
were constructed. In general the results were inconclusive 
because the anomalies found could have multiple explanations 
and because there were insufficient examples in the 
literature for interpretation of tectonic and non-tectonic 
profile anomalies. Some of the possible non-tectonic 
explanations for anomalies include : bedrock lithologie
changes, influx of materials from tributary flow, local 
adjustment to regional base level changes. Bedrock 
lithologie changes seem to have little effect on fluvial 
erosion in the study area. The poorly-cemented, lenticular 
sandstones of the Wasatch Formation seem to be the most 
resistant, but even they seem to be readily breached by 
stream abrasion. Major tributaries deposit alluvial fans at 
their mouths along trunk streams causing fluctuations in 
slope. Unfortunately the junctions of linear segments where 
differential fault displacements might be expected also 
correspond to tributary junctions. Regional base level 
changes do not seem to be a cause of anomalies. The latest 
entrenchment of the Green River Basin has not yet reached 
the study area (Bradley, 1936).
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Distribution of Drainages and Springs
Muddy Creek with its much smaller and more arid 
drainage basin has a much lower floodplain (300 to 600 feet 
lower) than the more competent Blacks Fork River to the 
east. Because Muddy Creek joins the Blacks Fork a short 
distance northeast of the study area, both rivers have the 
same ultimate base level. Drainage basins with larger 
areas, and wetter watersheds should also result in larger 
discharges, giving that stream greater competence than the 
smaller, dryer basin (Bradley, 1936). Yet this is not the 
case between Muddy Creek and the Blacks Fork. Tectonic 
lowering of Muddy Creek in the study area may be an 
explanation.
Muddy Creek itself is an anomaly. It has a small, low 
elevation drainage basin. It heads in the glacial debris at 
the base of Elizabeth Ridge and flows around Bigelow Bench 
to join with the Blacks Fork of the Green River. Muddy 
Creek is remarkable in that it does not head in the High 
Uintas where the Bear and Blacks Fork Rivers have their 
headwaters. Muddy Creek appears as if it is not a part of 
the same drainage fabric of the region. The explanation may 
be that the imprint of faulting has controlled and perhaps 
created Muddy Creek where no master stream would have 
existed without tectonic aid.
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The positions and density of drainage development could 
indicate the involvement of neotectonic factors. Drainages 
that are underfit compared to their depth, the selective 
development of streams on Bigelow Bench, the high-angle 
bends of linear drainages, and the pattern of springs in the 
study area could be the result of down-to-the-west normal 
faulting. Faulting could cause entrenchment, produce 
streams selectively along fault escarpments, divert streams 
at high angles, and provide conduits for ground water to 
reach the surface.
Cottonwood Hollow at the north end of the study area is 
a good example of the above anomalies. The position and 
length of the stream is anomalous compared to the rest of 
Bigelow Bench. The linear course of the stream has deeply 
eroded the edge of Bigelow Bench despite its small drainage 
area, and has several springs along its course. At the 
point where it crosses the edge of Bigelow Bench it turns 
abruptly to the west down an underfit channel. At the point 
Cottonwood Hollow bends to the west, an apparent abandoned 
channel bends to the east to join Rock Creek. Perhaps down- 
to-the-west movement along a fault trace followed by 
Cottonwood Hollow precipitated the change in course from 
drainage into Rock Creek to a new course toward lower Muddy 
Creek.
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The distribution of drainage and springs may also be 
explained by non-tectonic influences. Excessive 
entrenchment may be the result of the great difference in 
base level between Muddy Creek and Bigelow Bench, causing 
small tributaries to deeply incise. The positions of Hague 
Creek, Moss Creek, Cottonwood Hollow, and other streams are 
hard to explain because they do not seem to fit a logical, 
non-tectonic drainage fabric. Bradley (1936) explained 
drainages with high-angle bends as the tendency for 
invigorated tributaries of lower base level streams (Muddy 
Creek) to headwardly erode and capture a higher base level 
stream in the adjacent strike valley. Hague Creek and 
Cottonwood Hollow may take their present courses by simple 
piracy by gullies along the edge of Bigelow Bench. Springs 
may have developed as a consequence of a stream eroding a 
channel deep enough to intersect the water table. However, 
gravel pits on Bigelow Bench and along Muddy Creek show no 
signs of shallow ground water.
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NEOTECTONIC INTERPRETATION
The first reference to faulting along the Muddy Creek 
Lineament encountered in the literature is in a road log by 
Cochran and others (1950). He refers to the existence of a 
normal fault along Muddy Creek with 200 ft. of displacement 
evidenced by the offset of Green River Formation on the west 
side of Muddy Creek when compared to the same beds on the 
east bank.
Love and Weitz (1950) show a fault parallel to Muddy 
Creek about one mile west of Piedmont. The fault mapped was 
probably an early interpretation of the graben-like pattern 
just west of Muddy Creek in the Piedmont area, later mapped 
in part by M'Gonigle and Dover (in press). Bradley (1964) 
shows a normal fault west of Piedmont on his geologic map of 
the Green River Basin.
The drainage lineaments along Muddy Creek and its 
tributaries were not recognized as possible fault features 
until the neotectonic study of West (1989) identified them 
as expressions of the reactivated Hogsback thrust that lies 
beneath Tertiary sediments in the area. West mapped faults 
and linear trends according to drainage lineaments and 
apparent tilted and displaced geomorphic surfaces. A 
seismic line and oil company information further confirmed 
the existence of normal faults in the area.
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The existence of the Martin Ranch normal fault scarp at 
the leading edge of the Absaroka thrust is an important 
analogue to the proposed faults along the leading edge of 
the Hogsback thrust. Also the existence of normal faults in 
the Bear River Fault Zone seem to support the reactivation 
of the Hogsback thrust plate which lends credence to other 
proposed faults in the Hogsback plate (West, 1989).
Sufficient evidence exists to postulate the location 
and deformational characteristics of normal faults along 
Muddy Creek. While the lack of actual fault plane exposed 
at the surface may always leave the normal fault 
interpretation open to question, listric normal faulting 
does explain many of the puzzling relationships in the area.
Location of Faulting
The existence of normal faults was inferred on the 
basis of the evidence discussed. The locations of faults 
are shown on Plate I based primarily on drainage lineaments. 
No actual fault planes were positively identified, although 
slickensides were found in an outcrop of limestone in the 
Green River Formation along Little Creek (NW1/4-11-T14N- 
R117W) along a plane trending parallel to the west trending 
lower reach of Little Creek (Figure 41). It could not be 
ascertained whether the slickensides represented a fault.
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FIGURE 41. Slickensides on thin limestone in lower Green 
River Formation along east-west trending reach of Little 
Creek. It could not be determined whether they represented 
the existence of a significant fault.
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However, many of the escarpments adjacent to lineaments are 
probably fault scarps modified by erosion.
From surface lineaments the faults appear en echelon in 
pattern with individual lineaments seldom over a few miles 
in length. The zone of apparent fault features is about 5 
to 6 miles wide in the east-west direction and extends 
approximately 20 miles along a northerly trend from Mumford 
Ridge to a few miles north of Interstate 80, but may be 40 
miles long or longer.
South of Chapman Butte the inferred faults are north 
trending. North of Chapman Butte lineaments suggest 
northeast trending faults. The west trending segments of 
linear drainages that help to produce the block-like 
appearance of drainage and topography may be the locations 
of adjustment faults between blocks or just the artifacts of 
drainage pattern development. Most of these segments are 
not identified as faults, except the lower portions of 
Little Creek, Musselman Creek, and a portion of Hague Creek 
because of their tilted gravel surfaces along the segments. 
Other east-west trending lineaments may be faults but 
evidence is lacking.
The entire length of Muddy Creek appears to be the main 
fault zone that has produced the most displacement in 
comparison to the faults along lineaments east of Muddy
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Creek that are less significant in terms of continuity and 
apparent displacement. The segments east of Muddy Creek 
also appear to be very short (<5 miles). Chapman Butte and 
the south end of Meyers Ridge appear to be barriers that 
have not faulted through, separating segments of upper Moss 
Creek, Little Creek, and Musselman Draw. The East Fork of 
Muddy Creek is a north trending lineament and is likely to 
have a fault beneath its course. The West Fork of Muddy 
Creek has a northeast trending course that bends to a more 
northerly course. This lineament behavior reflects the 
model of control by the Hogsback thrust and suggests a 
concealed fault beneath the alluvial valley.
Displacements and Fault-Related Deformation
Actual normal separation of beds at the fault plane is 
probably influenced by listric roll-over geometries near the 
fault. This roll-over separation may be several times the 
amount of large-scale block movement. Listric roll-over has 
been documented on many faults on the Colorado Plateau by 
Hamblin (1965). Hamblin concluded that reverse drag is a 
common phenomenon associated with normal fault planes that 
are curved at depth. The drag results in broad asymmetrical 
warps in the hanging wall where deformation is accommodated 
by small antithetic faults and flexing. He generalized that 
faults with 1000 to 2000 feet of displacement had zones of
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reverse drag folding of about 1 mile wide and resulting 
maximum dips of 3 0 degrees into the fault. In general the 
degree and size of the warp is proportional to the 
displacement on the fault (Hamblin, 1965). Further 
observations of roll-over geometry were made on seismic 
profiles by Wernicke and Birchfiel (1982) and Gans and 
others (1985). Many models attempted to predict fault 
geometries from the characteristics of deformation in the 
hanging wall (Davison, 1986; White and others, 1986;
Wheeler, 1987; and Williams and Vann, 1987).
Warped gravel surfaces on Bigelow Bench suggest that 
roll-over separation near faults in the study area may be on 
the order of 50 to 100 feet predicted from evidence of 
deformed erosion surfaces (Plate II, section A-A’). Offset 
of stratigraphie markers by this mechanism is displayed on 
Cottonwood Hollow and Rock Hollow at the north end of the 
study area. Sloping gravel surfaces adjacent to other 
drainages in the study area may have been produced by the 
same mechanism.
Fault Geometry
From inferences of structural style in the thrust belt 
and the compelling spatial relationship of lineaments to the 
subcrop trace of the Hogsback thrust, the faults are 
interpreted to be listric to the leading edge of the
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Hogsback thrust. This interpretation was first made by West 
(1989). The interpretation is supported by interpretations 
of reflection seismic profiles in the study area.
Extension is accommodated in the area by movement along 
the older Hogsback thrust and its imbricates. Normal faults 
listric to the subcrop trace of the thrust are present in 
the Tertiary section and sometimes are visible on reflection 
seismic profiles. Relationships of tilted, gravel-covered 
surfaces to drainage lineaments suggest that roll-over 
anticlines and half-grabens are present next to the normal 
faults. Normal faults are also present over points of 
stress concentration and ramp structures east of the subcrop 
trace of the Hogsback thrust. These conclusions about the 
Muddy Creek Lineament were reached by West (1989) and seem 
to be the best explanation of structures in the study area 
and the region.
Hypothetical Model of Landform Development
Observations and results of the study of the Muddy 
Creek Lineament have contributed to a conceptual model of 
landform development. Drainage lineaments, asymmetric 
valleys, and tilted geomorphic surfaces are the principal 
neotectonic landforms. Based on the interpretation of 
faulting in the study area these landforms are interpreted
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to result from progressive deformation of the Muddy Creek 
Lineament by listric normal faulting.
Figures 42 through 47 depicts the schematic evolution 
of a valley such as Muddy Creek by listric normal faulting. 
Figure 42 shows the pre-faulting positions of a regional 
gravel-covered surface such as the Pliocene Bigelow Bench 
and a Tertiary stratigraphie marker bed (undifferentiated). 
Some post-Pliocene dissection may have taken place prior to 
neotectonic faulting (Figure 43). Neotectonic faulting is 
initiated by reactivated movement on the Hogsback thrust 
system in Pleistocene time. Normal faults propagate through 
the undisturbed Tertiary rocks and deform the surface by 
block tilt and listric roll-over (Figure 44). Drainages 
adjust to surface deformation producing linear patterns 
corresponding to the fault traces while drainages unaffected 
by faulting continue to erode (Figure 45).
A new floodplain develops during tectonic quiescence or 
glacial periods. Renewed faulting displaces the floodplain, 
tilting the surface on the downthrown block and obliterating 
the terrace on upthrown block by forcing the stream against 
the upthrown bank (Figure 46). Asymmetric valley profiles 
are produced by the creation of an escarpment on the 
upthrown block and gentle warping of surfaces on the 
downthrown block. Paired terraces and symmetric valleys
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FIGURE 42. Pre-faulting positions of regional erosion 
surface and stratigraphie marker. A Paleocene thrust fault, 
truncated by an unconformity, lies beneath Tertiary cover.
FIGURE 43. The erosion surface is dissected prior to normal 





FIGURE 44. Normal faults are listric to a reactivated 
thrust fault and propagate and deform surfaces by block tilt 
and listric roll-over.
drainage lineaments. EastWest
FIGURE 45. Drainages adjust to surface deformation 
producing linear patterns, while an unaffected drainage on 
the right continues to develop normally.
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FIGURE 46. Renewed fault movement displaces and tilts old 
floodplain. A new floodplain develops. Unfaulted drainage 
dissects floodplain and produces paired terrace treads.
Eut
FIGURE 47. Faulting repeats producing a flight of tilted 
terraces. Tilted surface is susceptible to surface wash 
processes which blur the distinction between original treads 
and risers. Surface materials next to the faults produce 
sediment-filled half-grabens.
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develop along unfaulted drainages (Figure 46). The process 
repeats as faulting displaces and tilts another floodplain 
and produces a flight of tilted terraces (Figure 47). The 
tilted surfaces become susceptible to surface wash processes 
and individual treads and risers become more rounded and 
indistinct blurring the distinction between the different 
aged terrace remnants, and forming a continuous, tilted, 
gravel-covered surface (Figure 47).
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EARTHQUAKE HAZARDS
Neotectonic information is crucial to an assessment of 
earthquake hazards for an area. Especially in cratonic 
settings, relatively little is known about locations of 
future seismic events. This study adds to the body of 
information available and may be useful in further study of 
neotectonics and earthquake hazards in the area. A 
discussion of hazards associated with earthquake activity is 
a practical use of neotectonic information. A problem for 
paleomagnitude estimation is that current techniques do not 
account for the seismotectonics of shallow, listric normal 
faults. Still, the estimates are crucial for design of 
critical facilities.
Age and Activity of Study Area Faults
The complexity of correlation of tectonically modified 
landforms and the inadequacy of quantitative geomorphology 
without local age calibration of degradational stages, makes 
precise dating of neotectonic faulting impossible for this 
study. Other techniques that produce quantitative estimates 
will be necessary for absolute dates of neotectonic 
activity. However, some general discussion of timing 
relationships is possible from observations in the study 
area.
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The longevity of Basin and Range fault scarps is on the 
order of several thousand to one million years depending on 
material and climate considerations. Scarp longevity along 
the Muddy Creek Lineament may be comparable. Radiocarbon 
dating by West (1989) indicates that scarps in the Bear 
River Fault Zone are at least 2 to 4 thousand years old.
The faults in the Muddy Creek Lineament are occupied by 
stream drainages, resulting in their obliteration at much 
greater rates and making the application of similar 
degradation rates questionable.
The control of drainage by neotectonics may also 
indicate age. If linear drainages are caused by streams 
following deformation by faulting, the neotectonic influence 
on drainage may be long lived. However, no estimate of 
linear drainage longevity was found in the literature.
On the basis of the geologic criteria of the fault 
activity classification scheme by Cluff and others (1972), 
the Muddy Creek Lineament has some characteristics of 
potentially active faults and some of inactive faults. A 
potentially active fault is indicated by:
Geomorphic features characteristic of active fault 
zones are subdued, eroded, and discontinuous.
Faults are not known to cut or displace the most 
recent alluvial deposits, but may be found in 
older alluvial deposits. Water barrier may be 
found in older materials. Geologic setting in 
which the geomorphic relation to active faults
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suggests similar levels of activity (Cluff and 
others, 1972, p. 972).
An inactive fault is described as:
Geomorphic features characteristic of active fault 
zones are not present, and geologic evidence is 
available to indicate that the fault has not moved 
in the recent past (Cluff and others, 1972, 
p. 972).
Based on the absence of fault scarps not significantly 
modified by erosion and the existence of a neotectonic model 
which proposes that the reactivated leading edge of the 
Hogsback thrust has been deactivated by the formation of 
ramp normal faults of the Bear River Fault Zone (West,
1989), the Muddy Creek Lineament may be inactive at present.
Previous Estimates of Earthquake Magnitudes
The accepted methods of estimating earthquake 
magnitudes for normal faulting earthquakes assume planar, 
basement penetrating, steeply dipping faults (West, 1989). 
Usually a geological basis for the estimate involves the 
length and width characteristics of a particular fault, and 
the average displacement per event. The width is the down 
dip dimension of a fault and the length is the length of 
surface rupture. Current methods of earthquake magnitude 
estimation are discussed in Schwartz and others (1984).
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The fault area method relates fault area surface wave 
magnitude by the relation of M = log[Area] + 4.15 (Wyss, 
1979). West (1989) calculated surface wave magnitudes 
estimations for the Muddy Creek Lineament ranging from 6.9 
to 7.1 using maximum and minimum value ranges for the 
parameters of this technique. Using surface rupture lengths 
and surface displacements analogous to those described by 
trenching in the Bear River Fault Zone, West (1989) also 
calculated magnitudes by use of relationships by Bonilla and 
others (1984) and Slemmons (1977) yielding a range of 
estimated magnitudes of 7.1 to 7.4. However, the 
seismotectonic characteristics of the faults along the Muddy 
Creek lineament do not correspond with the model of planar, 
basement penetrating, and steeply dipping faults, nor are 
they proven to be capable of producing earthquakes. This 
problem was recognized by West (1989), but conservative 
estimation of earthquake hazards requires the use of 
conventional techniques.
Earthquake Potential of Listric Normal Faults
No method specific to the estimation of earthquake 
magnitudes on listric normal faults was found in the 
literature. The current techniques rely on empirical data 
to relate fault dimensions and displacement to magnitude.
But the data used to calibrate these relationships is
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usually selected from large events worldwide. The 
structural style of the faults along the Muddy Creek 
lineament involves listric normal faults whose geometry is 
presumably different from most of the faults used to 
formulate the equations.
Several workers assert that listric faults may be 
aseismic or responsible for shallow, background seismicity 
only (Arabasz and Smith, 1981; Smith and Bruhn, 1984; and 
Arabasz and Julander, 1986). This is supported by the 
evidence that listric faults extend only co shallow depths 
(the regional decollement is approximately 6 km deep along 
the Muddy Creek Lineament) and are not historically related 
to large earthquakes. If earthquake data for listric fault 
mechanisms could be related to source parameters, a 
relationship might be derived to predict the maximum 
expected magnitude for design purposes. But in the absence 
of an empirical relationship, no theoretical relationships 
seem to relate geologic information to earthquake magnitude.
A possible approach to the problem might be to include 
only segments of the fault that dip at greater than 30 
degrees or using only the segments that cut high strength 
rocks for a fault area calculation. Perhaps a relationship 
in which the crustal rigidity could be varied based on 
laboratory rheology experiments to account for shallow
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depths could result in a satisfactory estimate. But until 
focal plane solutions for real earthquakes show that 
coseismic ruptures occur on listric fault planes, such a 
relationship may not be valid.
Aside from the geophysical evidence to the contrary, 
several observations from the region indicate that the 
region around the Muddy Creek lineament may be capable of 
producing large earthquakes. Historical seismicity 
indicates some low to moderate magnitude events (<M=4) 
spatially related to the Hogsback thrust (Figures 17 and 
18). Some earthquakes may be related to mining blasts in 
the Elkol area (Arabasz and others, 1979) but others could 
be related to normal faults along the Hogsback thrust. 
However, epicentral locations can be misleading in terms of 
identifying the causative fault.
The surface faulting threshold is commonly thought to 
be around magnitude 6.0 to 6.5 (Arabasz and others, 1987). 
Since faults along the Muddy Creek lineament, and certainly 
those listric faults in the Bear River Fault Zone, produced 
surface rupture, should they be considered to have 
magnitudes greater than 6? West (1989) documented evidence 
of discrete rupture events (Figure 19). It is unlikely that 
such fault movement would be truly aseismic. The geometry 
of listric faults is such that even a small movement along
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the sub-horizontal portion of a listric fault could produce 
a large volume "gap” near the sub-vertical portions of the 
fault as it approaches the surface. Rocks near the surface 
would collapse or roll-over to fill the gap. Thus, a small 
decollement displacement could produce a surface rupture 
many times that size. Therefore it may be inaccurate to 
apply techniques of magnitude estimation for high-angle 
normal faulting that use surface displacement to known 
listric fault geometries.
Perhaps other mechanisms associated with listric ramp 
systems could produce earthquakes. Earthquakes might be 
produced on the high angle portions of the ramp system. 
Reverse faults that form in sand models of normal ramp 
systems might develop more strain energy at shallower depths 
than the normal faults. Bending moment faults at the crest 
and foot of listric ramps may generate earthquakes. And 
even if the listric faults do not produce significant 
earthquake energy, possible unrecognized or blind faults may 
have their linkage to the surface via the shallow 
discontinuities (listric normal faults and low angle 
detachments) (West, 1989).
Since fault activity in the area does not appear to cut 
modern alluvium, and the West (1989) structural model 
explains that the faults along the Muddy Creek lineament
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have been tectonically cut off by ramp normal faults in the 
Bear River Fault Zone, it is possible that the faults in the 
study area have been deactivated by the younger structures. 
However, uncertainty exists in the interpretation, and it is 
possible that faulting in the study area may be reactivated. 
Thus, based on the uncertainty of the earthquake potential 
of listric normal faults, perhaps the maximum expected 
magnitude for engineering of facilities that could threaten 
human lives if they fail in a large earthquake (dams, 
nuclear power plants, etc.), should be designed on the basis 
of conservative calculations by West (1989) for M = 7.4. At 
the minimum, an estimate of M = 6.0 from the surface 
faulting threshold for the Intermountain Seismic Belt should 
be used.
Paleo-magnitude Estimation on Low Angle Normal Faults
The only precedent for large earthquakes on low-angle 
normal faults in the literature was found in the area of 
southern Hawaii. An earthquake of estimated magnitude of 8 
occurred in 1868. The rupture was produced on a near 
horizontal detachment at approximately 9 km in depth (Wyss, 
1988)(Figure 48). The rupture reactivated shallower normal 
faults that may be listric in geometry (Ando, 1979; and 
Wyss, 1988). Another event in 1975 of surface magnitude 
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FIGURE 48. Structural model for generation of the Great Kau 
earthquake (1868). Star indicates hypocenter and arrows 
indicate movement on low angle faults and shallow listric 
faults (Hill and Zucca, 1987). The generation of a large 
earthquake on a low angle fault plane may indicate that low 
angle fault planes in the Wyoming thrust belt may also be 
capable of producing large earthquakes.
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(Ando, 1979). The reactivation of shallow listric faults by 
movement on a low angle detachment is a concept similar to 
the integrated seismotectonic model of southwestern Wyoming 
by West (1989). By analogy it might be assumed that low 
angle normal faults of moderate crustal depths in the 
Wyoming thrust belt could produce events of similar 
magnitude.
Several approaches to modifications of traditional 
methods of earthquake magnitude estimation were suggested by 
West (personal communication, 1990) in order to better 
account for known tectonic configurations of normal faulting 
in the study area. The magnitude estimation technique 
chosen is the fault area relationship (Ms = Log [area] + 
4.15) developed by Wyss (1979). This technique was chosen 
over others because of the uncertainty of the displacement 
per event and the problematic relationship between fault 
slip at depth and surface displacement for listric 
geometries.
West suggested that segments of the faults that dip at 
angles of greater than 30 degrees or segments that cut high- 
strength rocks could be used in the calculation of fault 
areas. The fault widths were measured on a cross-section 
(Figure 16) by Royse and others (1975), which includes the 
study area. Fault length was estimated from the approximate
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length of the Muddy Creek Lineament along Muddy Creek and 
the East Fork of Muddy Creek to be 44 km. This is 
comparable to the maximum assumed length of 40 km used by 
West (1989) by analogy to the Bear River Fault Zone.
Fault widths and the paleomagnitude estimates are shown 
in Table 1 along with the position of the fault width 
segment (Figure 49). The cross section by Royse and others 
(1975) (Figure 16) was assumed to be the general 
configuration of the subsurface faulting for this 
calculation. Widths were measured directly from the 1:1 
cross-section with dividers set to scale. Estimates ranged 
from Ms = 6.6 to Ms = 7.2.
The Ms = 6.6 was from the width estimates of high- 
strength rocks (limestones and sandstones) and the high- 
angle portions (>30 degrees) of the ramp structures. The 
similar magnitudes are not unexpected because the high- 
angle segments coincide with competent lithologies in thrust 
propagation mechanics. The Ms = 7.2 came from the fault 
width of the Hogsback thrust from the basal detachment to 
the surface.
Earthquake Related Hazards
If faults in the study area or the region of 
southwestern Wyoming are capable of producing earthquakes, 
risk of damages from several types of hazards can be
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TABLE 1. Paleo-magnitude Estimates for Specified Fault 
Segments of the Reactivated Hogsback Thrust System
D escrip tio n  of Fau lt Fau lt F a u lt M agnitude
F a u lt W idth W idth Length  A rea Estimate
( km) (km ) (sq. km) (Ms = Log A + 4.15)
A)H ogsback th r u s t  from  
basal detachm ent 
to su rface
B)W idth C o n trib u tio n s  
of com petent la y e rs  
— basal detachm ent 
to su rface  along  
Hogsback th r u s t
O W id th  c o n tr ib u tio n s  
o f fa u lt  segm ents  
d ip p in g  >30 d egrees  
on Hogsback th ru s t
23.4 44 1030 7.2
7.2 44 317 6.6
6.1 44 268 6.6
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expected. The remote location and low population density 
lessen the risk of catastrophic damage.
Ground Shaking. Material response is key to estimating 
ground shaking, but quantitative estimates require intensive 
study not possible for most areas. Chambers (1988) used a 
computer model to produce isoseismal maps for a potential 
earthquake in western Wyoming utilizing an equation by 
Everden (1975). The model relates earthquake energy 
parameters and the attenuation by geologic materials to 
acceleration and intensity. The ground shaking is 
represented by a Modified Mercalli intensity value in the 
final isoseismal output. Chambers used geologic information 
digitized from geologic maps of Wyoming and assigned 
attenuation values according to age of the particular 
formation.
The model seems to correlate reasonably with the 
published isoseismal maps of other Wyoming earthquakes. 
Lacking other methods to quickly evaluate the ground motion 
potential from an estimated magnitude in a specific 
location, the model has some value in hazard assessment. 
Chambers modeled ground motion intensities of a potential 
earthquake of ML = 7.0 on the Rock Creek fault in 
southwestern Wyoming about 80 kilometers north of Evanston, 
Wyoming at a depth of 5 to 7 kilometers (Figure 50).
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FIGURE 50. Synthetic isoseismal map of predicted Modified 
Mercalli intensities modelled for the latest seismic event 
on the Rock Creek fault, southwest Wyoming (Chambers, 1988).
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Because of the proximity of the Rock Creek area to the 
study area along Muddy Creek, a similar event in the Muddy 
Creek Lineament would probably produce a similar synthetic 
isoseismal map. The considerable area of intensity IX is 
described by the Modified Mercalli scale as:
Damage is considerable in specially designed 
structures ; well-designed frame structures thrown out 
of plumb. Damage great in substantial buildings, with 
partial collapse. Buildings shifted off foundation 
(U. S. Geological Survey, 1974).
The lack of thick overburden in much of the study area 
may limit amplification of seismic waves. Other valleys in 
the region may have thicker alluvial or glacial deposits 
that could experience excessive ground shaking.
Liquefaction and Landsliding. During strong ground 
motion, saturated, cohesionless materials tend to lose shear 
strength and liquefy. Loose unconsolidated materials are 
most at risk. As noted by West (1989) the large area of 
unconsolidated debris on the north flank of the Uintas could 
be susceptible. Some of the debris and alluvial material is 
heavily cemented by caliche, which will improve its 
resistance to liquefaction. Many rural homes and small 
irrigation dams are built on valley alluvium with a shallow 
water table that may contain materials at risk of 
liquefaction.
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Landsliding in parts of the study area and many parts 
of the region of the north flank of the Uinta Mountains is 
common. It is a pervasive part of the topography in the 
areas mantled with glacial debris. Large block and 
rotational slides also occur in the fine grained materials 
of the Bridger Formation. Active landslides in the study 
area are present mostly in the southern part. Chapman Butte 
has an area of active landsliding on its northern flank 
(Figure 51) and inactive slides on its western and southern 
flanks. The active slides have prominent headscarps and 
obvious slide morphology. The inactive slides have a blocky 
appearance and sag ponding below the headscarp. Landslides 
are also present on Moss and Fish Creeks.
The influence of ground motion from earthquakes on 
landsliding in.the area is not known. Since the faults 
appear to be inactive, and older, earthquake-induced 
landslides would probably be very subdued by erosion, it is 
not likely that earthquake-induced landsliding in the Muddy 
Creek area could be recognized. However, the hazard of 
renewed landslide activity is possible if a strong 
earthquake were to shake the region. Fortunately, the area 
is sparsely populated and most of the damage would be to 
roads in the area. Meeks Cabin Dam located 5 miles 
southeast of the study area could experience problems if
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FIGURE 51. Active landslide on north flank of Chapman Butte 
(33-T14N-R117W). During ground shaking from an earthquake 
many active and inactive landslides could be triggered in 
the area.
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landslides located above the reservoir, and slides in the 
abutment area (Gilmer, 1986) were reactivated by an 
earthquake.
Subsidence. The peculiar trademark of faulting in the 
study area is the presence of subsidence resembling roll­
over anticlines on the downthrown block of the inferred 
faults. From relationships observed in the study area and 
the literature, the separation due to roll-over can be many 
times that of actual block tilt. For instance Plate II, 
section A-A’, shows a cross-section across Cottonwood and 
Rock Hollows. Actual down-to-the-west block translation is 
nearly zero. But the roll-over next to the fault is nearly 
100 feet (evidenced by warping of the gravel datum). The 
effects of this subsidence seem to be limited to areas less 
than 0.5 mile from the faults and decrease rapidly in 
magnitude away from the fault trace.
Critical Facilities at Risk. Structures and facilities 
in the region of the Muddy Creek Lineament that would be at 
risk from a strong earthquake include: buildings, highways
and rail lines, dams, and petroleum and mining facilities. 
The region is sparsely populated except for communities like 
Evanston, Kemmerer, Fort Bridger, Lyman, and Mountain View. 
Residences and businesses in the area are not built to
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withstand ground shaking of a large earthquake. Woodframe 
structures often perform well, but unreinforced masonary is 
in danger of collapse. Many settlements are built upon 
alluvium and might experience adverse ground accelerations.
Highways and rail lines might sustain damage to bridges 
and right-of-ways due to mass movements, structural failure, 
or subsidence. Interstate 80 and the Union Pacific railroad 
are major commerce and transportation routes in the region. 
Dams such as Sulphur Creek, Meeks Cabin, and Stateline 
Reservoirs may be engineered well enough to withstand the 
ground shaking but landsliding into Meeks Cabin Reservoir 
from existing inactive slides could produce overtopping. 
Small irrigation reservoirs throughout the area are not 
likely to be as well engineered as the larger ones. Their 
foundations and fill materials could be at risk of 
seismically induced failure resulting in downstream 
catastrophic flooding.
Oil and gas wells, pipelines, and gas refineries could 
sustain significant damages from ground shaking and 
subsidence. Three gas pipelines cross the Muddy Creek 
Lineament in the study area alone. Pipelines perform well 
during ground shaking, but could be seriously damaged by 
subsidence and ground deformation. Unreinforced above­
ground storage tanks are at risk of collapse, rupture, and
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disconnection from piping systems. Another type of damage 
to the petroleum industry from normal faults is the loss of 
oil trapping structures by the faults. West (1989) reported 
that drilling targets in the Exxon Mumford Ridge well were 
cut by unforseen normal faults. Pits and high walls of coal 
mines in the region near Kemmerer (the Elkol Mine) could be 
destabilized by ground shaking during a major earthquake.
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CONCLUSIONS AND RECOMMENDATIONS
The scope of this study did not include methods which 
prove the absolute existence of all the faults interpreted 
in the study area. Future work may allow the actual fault 
planes to be seen and described in more detail. However, 
the evidence collected during this study has provided 
sufficient information to draw conclusions and make 
recommendations for further study.
Summary and Conclusions
The interaction between neotectonics and geomorphology 
is evident along the Muddy Creek Lineament. Drainage 
lineaments along Muddy Creek and its tributaries reflect the 
subsurface trends of the Paleocene Hogsback thrust system 
that was buried by Eocene alluvial fan and lacustrine 
deposits. Subparallel drainage lineaments trend north in 
the southern part of the study area, turning northeast near 
Chapman Butte. Locations of normal faults were inferred 
from drainage lineament interpretation.
Results of geologic mapping and cross section analysis 
predict 200 feet of normal separation of Eocene strata along 
Muddy Creek. Separation predicted along tributaries of 
Muddy Creek is less, estimated to be: 200 feet along Little
Creek, 7 5 feet along Hague Creek, 50 feet along Moss Creek, 
75 feet along Fish Creek, and <50 feet along West Musselman
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Draw. Surface deformation by roll-over may be an additional 
50 to 100 feet along the faults.
Results of reflection seismic interpretation show 
multiple splays of the Hogsback thrust beneath the study 
area. Normal faults may be represented by anomalous 
discontinuities in reflectors coincidental with the leading 
edge and ramps of the Hogsback thrust system.
Gravel-covered surfaces were identified and mapped. 
Correlation of alluvial terraces was not attempted, although 
three terrace heights were identified along the west side of 
Muddy Creek. Gravel covered surfaces near modern linear 
drainages were found to be tilted toward the channels. 
Tilting of terrace gravels is thought to be the result of 
deformation near the trace of listric normal faults.
Stream profile analysis showed some stream reaches to 
be out of equilibrium possibly indicating adjustments to 
neotectonic activity or tributary influences. Convex 
longitudinal profiles of streams draining Bigelow Bench may 
indicate neotectonic origins of Hague Creek and Cottonwood 
Hollow.
Block-like topography and the distribution and pattern 
of drainages and springs supports a neotectonic 
interpretation although each observation in itself adds 
little weight to the argument. But together the
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circumstantial evidence indicates that many of the 
geomorphic features have been influenced by surface 
faulting.
Asymmetric valleys, excessive entrenchment, and slope 
facets are slope anomalies that may be the result of 
neotectonic influences. Asymmetric valleys are present 
throughout the Muddy Creek Lineament along inferred faults 
and may be the result of listric roll-over deformation and 
block tilting. Many linear streams in the study area are 
well entrenched despite underfit drainage areas, perhaps as 
the result of faulting. Hague Creek displays faceting on 
its upper slopes possibly indicating re-adjustment of slope 
erosional processes to faulting, or tectonic or non-tectonic 
base level changes.
The pattern of inferred neotectonic faulting is 
consistent with regional structural style and models. The 
faulting along the Muddy Creek Lineament is interpreted to 
be listric in geometry resulting from extensional 
reactivation of the Hogsback thrust system.
Nonetheless, some of the evidence can be explained as 
non-tectonic phenomenon. Since actual fault rupture planes 
were not observed in the area, the neotectonic 
interpretation is not proven beyond doubt.
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The seismogenic nature of the Muddy Creek Lineament is 
uncertain as interpreted from regional seismicity, regional 
source parameters, and seismotectonic models. Regional 
seismicity shows alignment of events in proximity to certain 
major thrusts, but nothing definitive in the seismicity data 
indicates a seismogenic potential. Seismic source 
parameters for major earthquakes in the region do not 
indicate that listric normal faults generate large 
earthquakes, although they may be responsible for smaller 
events. Seismotectonic models of Arabasz and Julander 
(1986) and West (1989) relate listric normal faulting such 
as the Muddy Creek Lineament to possible linkages with 
deeper seismogenic faults. Seismogenic low-angle normal 
faults in Hawaii may be an analog to earthquake potential in 
the Wyoming thrust belt.
Earthquake hazards in the Muddy Creek Lineament are 
uncertain due to a lack of techniques for evaluating 
earthquake potential on listric normal faults. The 
magnitude estimation by West (1989) of M = 7.1 to 7.4 is a 
conservative estimate using established techniques for 
normal faulting. Fault width measurements on the 
reactivated Hogsback thrust using existing cross-sections 
resulted in magnitude estimates ranging from M = 6.6 to M = 
7.2, similar to the estimates from West (1989). The
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magnitude estimates could be used in design of critical 
structures. However, since the Muddy Creek Lineament may be 
potentially inactive, the seismogenic potential of listric 
faults is unproven, and the area is sparsely populated, 
earthquake hazards may be overestimated.
Recommendations
Further study in the area of the Muddy Creek Lineament 
could answer many of the questions raised by this study. 
Specific recommendations include :
1)Dating of terrace gravels and age correlation of 
gravel-covered surfaces along the Muddy Creek 
Lineament ;
2)Trenching studies of inferred faults to provide 
displacement history and fault activity 
information;
3)Detailed study of seismic reflection data to 
link surface fault evidence to reactivated 
thrust structures;
4)Development of a method to estimate earthquake 
magnitudes from listric normal fault structures ;
5)Study of quantitative tectonogeomorphic 
parameters of slope development and fluvial 
erosion for age calibrated models ; and
6)Establishment of dense seismograph monitoring in the 
region to provide data on source parameters of 
small earthquakes in southwestern Wyoming.
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APPENDIX
TABLE A. Descriptions of selected geomorphic surfaces 
corresponding to Plate III.
S u rfa c e  Mean E lev Mean E lev Stream  Slope Slope
U pstream  Downstream  Association P ara lle l P erp en d ic u lar
(fe e t) (fe e t)  (d eg ree s ) (degrees)
1 7110 7030 Cottonwood 1.27 0 to 2.9
Hollow
2 7350 7150 Cottonwood 0.95 2.29 to 4.54
Hollow (a vg  3.12)
3 7265 6970 Musselman 1.41 0.73 to 3.11
C reek  (avg  2.36)
4 7520 7490 West 0.66 '0
Musselman
Draw
5 7100 7060 M uddy C reek  0.59 0 to 1.02
(avg  0.68)
6 7070 7010 M uddy C reek  0.64 2.30 to 3.12
(avg  2.69)
7 7620 7500 Hague C re ek  2.79 '0
8 7940 7770 Hague C reek  0.82 to 2.02 4 .29 to 10.75
(a v g  1.85) (a vg  7.85)
9 7300 7180 M uddy C reek  1.27 to 3.06 1.91 to 2.86
(a v g  2.16) (a vg  2.45)
10 7240 7170 M uddy C reek 0.52 1.32 to 3.81
(avg  1.90)
11 7400 7300 M uddy C reek  0.25 2.60 to 2.86
(avg  2.73)
12 7465 7240 M uddy C re ek  2.8 0.53 to 4.29
(avg  2.17)
13 7460 7410 L itt le  C re ek  1.06 2.38 to 4.57
(avg  3.44)
14 7430 7320 West & E ast 1.15 0.36 to 1.43
M uddy C re ek  (avg  0.69)






S u rfac e  Avg H e ig h t a b v  D egree of
Flood p la in  D issection  
( fe e t)
1 ~0 none
2 35 s lig h t ly
3 40 v e ry  s lig h t
4 ~0 none
5 85 m odera te ly
6 40 m odera te ly
7 (H ague -  75) s lig h t ly  
(L it t le  -  360)
8 60 s lig h t ly
9 150 m o d era te ly
10 55 v e ry  s lig h t
11 180 m odera te ly
12 100 s lig h t
13 45 s lig h t ly
14 12 s lig h t ly
15 75 m o d era te ly
C o n v e rg e n t/ C o n cav ity  R ig h t o r L e ft
D iv e rg e n t (p e rp e n d ic u la r  Bank, or  
to stream  ) Paired
? concave
D convex u .s . le f t
concave d.s.
D convex to  le f t  bank
com plex an d  pa ired
? ? le ft
C? convex le f t
? f la t  r ig h t
? s lig h t ly  co nvex le f t
C co nvex r ig h t
0 f la t  le f t
D com plex le f t
C com plex le f t
? com plex le f t
D f la t  r ig h t
co ncave le f t




S u rfa c e  Avg H eight of D eviation  from  Landform
T e rrace  S carp V alley  T re n d  Type
(F eet) (d eg ree s )
1 50 0 abandoned a llu v ia l
channel
2 10 56 to 80 deform ed erosion
(avg  65) su rface
3 0 to 40 16 to  81 deform ed a llu v ia l
(avg  10) (a vg  45) te rrace?ped im en t?
4 ? 0? h ig h  te rra c e
rem nant
5 20 to 40 4 h igh  te rra c e
(avg 25) rem n an t
6 0 to 25 32 to 70 deform ed a llu v ia l
(avg 10) (avg  55) te rra c e
7 Hague -  65 6 to 9 old a llu v ia l fan
L ittle  -  250 (a vg  8)
8 ? 56 to  89 deform ed erosion
(a vg  71) su rface
9 150 48 to  65 h ig h  a llu v ia l
(a v g  55) te rra c e
10 40 to 60 25 to  40 deform ed a llu v ia l
(avg  45) (a vg  28) te rra c e
11 80 to 120 43 to 77 deform ed high
(avg 100) (a vg  60) a llu v ia l te rra c e
12 20 to 160 16 to  62 deform ed h igh
(a vg  31) a llu v ia l te rra c e
13 0? 47 to  75 deform ed a llu v ia l
(a vg  61) te rrace ? p e d im en t?
14 5 to 15 1 to 35 low a llu v ia l
(avg  9) (a vg  15) te rra c e
15 5 71 to  78 deform ed a llu v ia l
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